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INTRODUCTON
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nos jours, les nanomatériaux (NM) sont retrouvés dans de trés nombreux secteurs (optique,
électronique, agro-alimentaire, médical) pour les propriétés remarquables qui leur sont
associées. Le nombre de produits en contenant est passé de 54 en 2005 a 1814 en 2014 et ne
oo E}]SE %opL]e ~s Vv § oXU TiifeX >[]v JE%}E S]}v E
UV %0}ee] 0 E i § ve o[ VAJE}VV u vs 8}ud p o}vP o uE C o
leur transport, leur stockage, leur utilisation et méme lors de leur fin de vie (mise en décharge,
recyclage). Pourtant, les méthodes analytiques actuelles ne sont pas encore adaptées a la
u ucE 0 WE }v VSE 3]}v ve o[ VA]JE}IVV u v8 <pu] *8 v }ve .
efforts de modélisation. Les NM vont s& SE}HA E § [ pupo E Ve O °
compartiments environnementaux (aérien, terrestre, aquatique), dans lesquels
o[ pPu vs §8]}v o HE }v VSE S]}v %}uEE ]S uv E LI
}eCeS U X >[ }*CeS u <u §]« préceptacke depnodpreux contaminants
(Amiard-Triquet et al., 2015), ce compartiment serait plus a risque sur le long terme. La
}u% o A]S * u]jo] HMAE <u S]<p e vV SUE 0°* ~%,U ]J}veU « 0o]Vv]S U
transformations subies par les NM tout au long de leur cycle de vie sont des parametres a
prendre en compte dans la compréhension de leur devenir et de leur comportement, car ils
vont impacter leur biodisponibilité et leur toxicité envers les organismes aquatiques. Malgré
la littérature abondante mais parfois contradictoire, il demeure nécessaire de continuer a
A opg E o EJ]e<t %} % E 0 * ED %}uE o[Z}uu § o[ VA]E}vv
E *]Su S]}ve [ A% }]S]}v }u%o £ ¢ %E®&} Z W ulo] pvVv Sua

Dans ce contexte, trois laboratoires Francais situés a Metz (LIEC), a Angers-Nantes (MMS) et a
Aix en Provence (CEREGE) se sont associés afin de développer le programme de recherche
ANR NanoSALT (2013-2017). Ce projet consiste a (i) mettre en place des protocoles de
vieillissemers VV}%E} p]Se ~E We S [ Spu ] E o pEEhimigiEesver (}EuU S|
](( E v3 » » 0]v]S U ~]]* +3]Ju E o HE+* (( 8+ & A V]E o o}VvF
J(( & v8e = v E]}s [ A%}*]S]}v ~u] E} }eu ¢ 3 leursleffets ¢+ § ~]



ecophysiologiques et écotoxicologiques chez deux espéces de bivalves endobenthiques
(Corbicula flumineat Scrobicularia planaa travers un gradient de salinité. Une premiere
these (Carole Bertrand, 2013-2016) a été effectuée dans le cadre de ce projet afin de
§ EGul]v € o+ (( S }S}AE] }o}P]J<p e <« ED SEW [ &P VS ~ P
(CeQ) a différentes étapes de leur cycle de vie. La combinaison de marqueurs biochimiques
§ Ju%}E&ES u vs pAE § usS]o]e (Jv [ A op E « (( 8 & of 3
% ES]v v$§ Ve 0 E o[ A op 3]}v u EJe<p VAJEIVV u vS C
La présente thése reprend la suite de ces premiers travaux en abordant a nouveauxjes CeO
NM et NAP avec de nouveaux outig]JvA «3]P 3]}v o[ Z oo wu}ot po |JGE
omiques ») chef. flumineaCette démarche a ensuite été appliguée au cas des NM et NAP
[}EC MIAGE ~ pKeX >[ i}ps [pv vIA u  u +u®E « J}o}Pleu

permettre une détection plus précoce des effets et fournir des explications mécanistiques plus

%o} Lo o o uE u} [ S§]}v S}AE]«n X SH oo u v8U % p [ Sy
approche utilisant les outilsomiques pour évaluer les effets des NM chez des espéces non

séquencées telle qué. flumineaX >[} i §]( SE A Jo §Z + 3 0}E-s [ A
S o+ ((S5- ED § E W 1(( & v§ ¢ * 0]Vv]S = SE A E- «

intégrées physiologiques et cellulaires pour les deux espé&cediyminea et S. plahaet

complétées par une approche moléculaire ckeZluminea

Les effets des Ce®IM et des CuO NM ont dans un premier temps été évalués suite a des
AE%}*]8]}ve & 0 5]A u v8 eJu%o * Vv u] &} }eu * ~ }o}vv [ pe
jours), p]e o0} Ee [ A% }e]S]}ve %oOopue }IUu%O0 A o SE A E+ o uj-
~ }o}vv [ pU ¢ Ju vSU ]}8 U «uE e § U%°* % }pA vE 385 Jv C
o[us]o]le S]}v 1(( E vS ¢« (}EU - ED ~ED }u E WeX > « }v
(UPI>e ¢}vS % E} Z - 00 * *3]Ju * %}UE o[ VA]J]E}vV u v8 S}pus
dans les différents dispositifs ou bien tentent de mimer des scénarios potentiellement a
risque.

Ce manuscrit de thése est structuré en cing chapitres. Le chapitre | présente le contexte
scientifique § % Eu § [JvSE} M]E o0 % E} o u S]J«<p Po} o oo} ]

devenir et les effets des Ce@M et des CuO NM dans les écosystemes aquatiques.

Le chapitre Il présente la démarche scientifique adoptée et apporte des informations sur les

especes et sur les différents marqueurs étudiés au cours de cette these.
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manuscrits publiés, soumis ou en cours de rédaction et qui correspondent aux observations

relatives aux CefINM et aux CuO NM respectivement.

Dans le chapitre Ill consacré aux e®M, la premiére partie vise a évaluer les effets de
différentes concentrations de CeM chezC. flumineaexposée sur du court terme en

ul] €&} }eu » ~Wpu o] S]J}v VEieX > ¢ }v % ES] 5 }ve & (o]
cesCeoNMetde CeQED AESE ]S E W~ 1]5]( E UE v3U VA|EIE
un vieillissement. Pour cel&. fluminea a été exposée en mésocosmes a deux salinités

pendant 28 jours (publication n°2).

Dans le chapitre IV consacré aux CuO NM, la premiere partie vise a évaluer les effets de
différentes concentrations de CuO NM ayant différentes tailles (12 et 30 nm)tileninea
exposée sur du court terme en microcosmes (publication n°3). La seconde partie est consacrée

o[l A op 8]}v ¢ (( & g KflumiDeael dhezS. plana exposées en
mésocosmes pendant 28 jours a des CuO NM et CuO NAP (publication n°4).

Le chapitre V est consac (E Hv ] Hee]}v P v E o Ve O <M 00 O ve U
obtenus sont mis en perspective et discutés. Les approches moléculaires et multi-marqueurs
*}vs Sjus [ }CE ]* u8 ¢ 8§ % Eu SSE}VS %o JUEU]AE uE
principaux effets mesurés au cours de ces travaux. Nous terminerons par une réflexion portant
sur les intéréts et les inconvénients de la prise en compte des NM sous leurs différentes

(JEU ¢ ]Jve] «p 0 u]* V %0 U *} }eu » %}u@E M[ A op 3]}V






Chapitrel : Contexte scientifique

A. Les nanomatériaux manufacturés

1. Origines et définitions

> e v vVviu§8 E] UE ~EDe ¢}vd e u 3 E] uE <ul « E SE}IPA vE
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la Terre (hydrosphére, atmosphere, lithosphére et biosphére). lls peuvent étre produits aussi
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les organismes vivants (protéines, ADN, ARMpovYe ~: A v v u § oXU 7iido*X
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production non-intentionnelle et intentionnelle. Une production non-intentionnelle peut étre
généréeviade nombreux processus anthropogéniques tels que des procédés de combustion,
0}E- o[pus]o]e S]}v A Z] po + }u ve o ( &] S8]}v %o (E }
également produits de facon intentionnelle et sont alors appelés « nanomatériaux
manufacturési ~EDDeX > eCvVSZ EDD }vSE] o[ pPu vs

}v v8E §]}v  ve o[ VA]JE}vv u vdU u]e P o uvs Oo[]JvEE} p 3]}
ED <u] v[ £]+8 v %aturelle(Lebwdevenir et leur toxicité visA] « o[Z}uu §
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(Figure 1).

Figure 1 : Echelle de taille du vivant (adapté de www.assef-asso.fr).
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spécifigue des nanomatériaux manufacturés. Ainsi, NMM est un nanomatériau
intentionnellement produit pour avoir des propriétés choisies ou une composition choisie (ISO

TS 8004iW 1iifeX > § Eu V V}% E} U]S S }% S % E o[ P v
o[ ontation (Anses) afin de définir un produit qui contient des NMM (Anses, 2014). La figure

T & % & v o[ ve U O e (]Jv]8]}veX Wope E -OhjetsSléur® 3§ Eu
PPo}lu E S« S 0 HE* PE P Se- s U%o}C agregédswolRo} E o
agglomérées, y compris avec des tailles de plus de 100 nm (ISO-TR 18637, 2016 ; ISO-TR 19601,
2017).

Nanoplaque Nanofibre Nanoparticule
) 1 dimension externe 2 dimensions externes 3 dimensions externes % %
8 l 0 [échelle nanométrique o [échelle nanométrique o [échelle nanométrique 5 o
! . = 9
N Nano-Objet © O
n L u}]ve pv « Ju ve]}ve £8 Ev e+ o[ Z 00 vV v@u:éé(
< =
= = G
o , . = 3
o Nanomateriau o ©
g une Ju ve]lv A£S Ev o[ Z oo v viu SE]«p
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<2 Nanomatériau manufacturé o
nanomatériau intentionnellement produit pour avoir des propriétés (o)) %
choisies ou une composition choisie S e
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VIA pA&E [ /£ % }+]35]ksle sont éncere pas complétes et semblent dépendantes
des différentes définitions appliquées pour effectuer les déclarations. Il a été estimé que 2000
tonnes ont été produites en 2004 contre 58 000 tonnes qui seront produites entre 2011 et
2020 (Maynard, 2006). Cette augmentation de production devrait mener t6t ou tard a une
E%}e]S]}v ¢ ,}uu ¢ S o[ VA]E}vv u vs§ e EDDX [ ¢S %o} uUCE:
Coopération et de Développement Economique (OCDE) a listé en 2006 différents
nanomatériaux (Fullerénes (C6Manotubes de carbone (SWCNTMWCNT), Ag, Fe, Ti)
AlO, Ce@ ZnO, Sig) Au NM, dendrimeres, nano-argile) se retrouvant, ou allant se retrouver

ve 0 }juu &E (Jv. [ hPu vs E 0 ¢ }VvVv Jese v o 0 HE epi § ~K
different non seulement en terme de composition, mais également en terme de physico-

Zlu]l ¢« % }uCE « EDD ulu }u%e}e]S]}v ~8 Joo U (}&EuU U VvE}
Plee V3§ ep@E o0 HE-+ Jvd E 3]}ve A o VA]JE}VV u v3 3 % HA v
toxi<p ¢ J(( €& vSeX Vv }ve <cpv U o0+ Juk Se ypyE& o0[Z}uu S o[ v
]JE S u vs % Vv VSeX [ 8 %o}upE&E<«p}] o :}]vs Z e €& Z vs
v vius E] uAE E (E v Ve uv. uS [ u o]}E& & o Ju% E ]
0 }JE S}]JE *» & % E}i & E Z E Z ~"]vPZ § oXU TiidsX >[pv
cadre de cette these : les NMM de dioxyde de cérium (NM-212).

3. AV]E +vvius§ E] uE ve o[ VA]E}vv u vs <p 3]l«p

> }e P v viu § E] uAonnemern pst §dnéralement impossible du fait du

manque de technique analytique appropriée (Bundschuh et al., 2018; Collin et al., 2014). De

viu & u&E ((}ESe u} o] S]}v }vs S}tus (}]+ § & o] (lv [
rejetées et présentes ve o[ VA]JE}vv u v¥ p v]A pu Po} oU &E P]}v o §|
différents compartiments (aérien, terrestre, aquatique) (Gottschalk et al., 2013; 2015 ; Keller

et Lazareva, 2014 ; Wang et Nowack, 2018a, 2018b et références citées). Les informations
disponibles concernant le volume de production sont toutefois encore largement insuffisantes

et induisent des incertitudes dans les prédictions des modeles (Bundschuh et al., 2018). Les

rejets ou les concentrations environnementales prédites (PEC : Predictive Environmental

I Fulerénes (C60) : nanomatériau manufacturé composé de carbone, posséde une forme sphérique creuse.
2 SWCNT : nanotubes de carbone simple feuille (Single-Walled Carbon NanoTube)
3 MWCNT : nanotube de carbone multi-feuillets (Multi-Walled Carbon NanoTube)



Corcentration) ont été estimés pour les TAQZnO, Ag, fullerénes, nanotubes de carbone

(CNT), CeABOs, SiQ, CuC@) noir de carbone, nano-argiles, oxydes de fer NM (Gottschalk

et al., 2013, 2015; Keller et Lazareva, 2014, Keller et al., 2018[ (E] v v puu]veU Tiiil

Wang et Nowack, 2018b et références citées). En général, les sols et les sédiments constituent

0* E %S 0° uipuE- e }vS u]v S]}veX ve o[ VAJE}vV u \
*SJu ¢ ¢}vS§ P Vv E o uvVv$§l (PoP}@ ®PI> ve 0« uAE cHE( o S

du ng/kg au mg/kg dans les sédiments. Les modélisations ont été réalisées non seulement

P& o[ pPu vs S]}v e }Jvv ¢ }v Ev v3 o+ Alopu - %0 E} |
P ouvs PE ion feAew pofmportement dans les différents compartiments.

> Ju%}ES uvs § o AVIE =+« vviusd E] uE ve o[ VA]E}vY

largement étudiés ces dernieres décennies et sont discutés et détaillés dans plusieurs revues

scientifiques (Bundschuh et al., 2018 ; Peng et al., 2017 ; Garner et al., 2014 ; Batley et al.,

2011, Rocha et al.,, 2015). La figure 6 illustre certains procédés qui influencent le

comportement et le devenir des NM, et qui sont discutés ci-dessous.

NMM
NMM . . Stabilisation “qafi . -
Lo Agrégation Complexation
entrée individuel dissolution par les MON greg Adsorption p
Colonne
[ u
Bioamplification lons

- Algue Autres

Moules Spéciation Bioamplification Composés
Huitres Bioaccumulation et effets

Elimination i

Biodéposition Sédimentation Bioturbation ~ Resuspension
Pétoncle
Palourde - :

Coque Bioaccumulation Sédiment

Figure 6: Comportu v§ § A v]E =+ EDD ve o[ VA]JE}vv u v8 «u §
adaptée de Rocha et al., 2015). MON = matiére organique naturelle
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GCompte tenu de la réactivité des NM, de nombreux paramétres peuvent influencer leurs
propriétés, devenir, transport, réactivité, biodisponibilité et toxicité (Peng et al., 2017). Dans

o[ VAJE}vv u v3 «p 8]<u U Joe }v3agréger gn raisor de B d@mplexité du

ulJol] # <u S]<p Vv SUHE 0 ~]}veU PUSE * %o}oOou VSeU }EP v]eu *YeX

eux est possible (homo-agrégation) mais est généralement observée dans des milieux simples

$1ip A e« }v VSE §]}ve o A .U <u] 8 %o U E % E o VS
VSUE o ~ | E § oXU 1iideX >[ PE P S]}v 8 E *%o}qui © [pv
% usS & n]E o JE s U ( S§ 0SS E & 0 SE Ve%}ES S 0 °

* %Z viu v e [ e} ] S]}v ¢}vsS pe p&E J(( E vS » Z EP ¢ %}E
Ju%o}e ¢ VAJE}vVV v3eX >[ A op 3]}V U %o} Siom pérroetidE mettreE D v+ } ¢
en évidence leur stabilité ou leur instabilité dans le milieu. Ainsi, un potentiel zéta proche de
ius Jv ]<p E pv (}JES Jved ]0]3 U 8 v ] <u[ROnk isliquddao 1 &
une suspension stable. Ce potentiel change en fonction de la composition du milieu (pH,

0 SCE}oCS *Ye ve O <p 0O 0 ED ¢}vS u]e v c}ous]ivX /o K]S
%}UE O <p 00 0 Z EP ¢ ¢ % ES] HO * ¢}VvS VUOO ¢ <HU] *[ %o % O
[ S %o ,agneégatdn des NM est la plus forte. Des composés environnementaux tels
gue la matiere organique naturelle (MON) ou la charge ionique peuvent également augmenter
ou réduire leur stabilité en fonction de leur concentration et composition (Bundschuh et al.,
2018; Baker et al. 2014). 1l est possible de créer des particules plus stables en solution en leur
% E} HWE vS pv S Jo]e S]}v o0 SE}*S Sl<pu  }H S EJp X >[ P
Pv & ouvs o HE ¢ ]Ju vs S]}vU <u] ( Aapi@jes berfthifuas)« ]3]} v
% E E %o%}ES U £ o }Jo}vv [ puX ¢ }EP v]eu ¢ %o pA
SE ve(}EU EU u% <p 8 E 8§ E *pe% v E o« EDD ve O V/
permettant leur transfert le long de la chaine trophique (Baker et al., 2014 ; Hull et al.,2011,

Rocha et al., 2015).

La complexité du milieu naturel influence également le potentiel de dissolution des NMM.

&S Jve vviu S E] p&E£ S 0 <p 0V VIuUS E] nE [ P VS ~ P E
NM) ont un fort potentiel de dissolution tandis les nanomatériaux de dioxyde de cérium (CeO
NM) sont considérés comme pratiquement insolubles en milieu aquatique (Garner et Keller,
2014; Collins et al., 2014). La dissolution semble favorisée par la taille des NM, les plus petits

ayantt v v . Jeelu & %oope E %] u vsSX ulu U [-USE * %o
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Zul<p « S 0° <uy 0 (JEU S o[ VE} P % pAvs (( 8 E o Jee}c
Des parametres environnementaux tels que la température, le pH, la présence de sels, de

MON ou de dioxygéene influencent également ce parametre.

> ¢« ED % MA v3 ISE 0] E ¢ ve o[ VA]JE}VvVv u v puE v S}pus -
Al U %pls 0 WE % E} 1 3]}vU 0 HE 3E Ve%}ESU 0 UE +8} I P U
décharge (Bundschuh et al., 2018). Les transformations liées a leur cycle de vie menent a
O[JvSE} pn S]}v ](( E vS »« (}EuU - ED ve o[ VAJE}vvV u
A] Joo]ee u vd & H SE ]5 u vs <p[]Joe PE}IVS ep ] X W Eé £ u%o0
les transformations subies par des GeOD Jeepe [HV 151¢( E pE vs ~ VA]E}.
de son utilisation. Les conditions rencontrées lors de leur passage dans le moteur (pression,
température) ont mené a des modifications physico-chimiques qui impactent leur devenir et

leur toxicité (Auffan et al2017; Batley et al., 2013 ; Dale et al., 2017).

Jve]U o A VvVIE +« ED ve o[ VAJE}VV u vs8 «<u 8]l<pu 38 (}ES
seulement des caractéristiques intrinséques aux NM (taille, forme, enrobage, agrégation,
elopu ]Jo]S U }tu%e}e]S]}v Z]Ju]l<p YeU u]Je P o u VS 00 ¢
~S U% E SPE U %,U (}E J}Vv]<p U %E * v }oolb <« }EP Vv]«
~ E%}*]8]}v UE hsU }u pe8]lvYe §des orfanispdebdivaitso} P ]«

4. Ecotoxicité des nanomatériaux envers les organismes aquatiques

}Ju%S S vu * UHOS]%0 ¢ % E}% E] S ¢« }v( E « pAE EDU o0 pE
< S]<Hh %o}pEE ]S u v E HV EJe<p VIMA pX >  villeuE [ Su
potentiel toxique sur les organismes aquatiques a augmenté ces derniéres décennies. La figure
7 recense les travaux publiés suite a une analyse bibliométrique. Elles décrivent les effets des
vvius ] pu&E <p] }vs 8 A op tddniationsbioloyijue | chez 163
bactéries, les algues, les crustacés, les mollusques, les vers, les poissons et les plantes

aquatiques.
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Pami les mollusques étudiés, les bivalves sont majoritaires et notamment le @éytrks.
La plupart des études a été menée au niveau biochimigada mesure de biomarqueurs

OOHO JE + § 0* <p 0+ 3]JA]S » VvICu 8]<p » VS]}EC vE « & &)
ol A op 8]}v * }luu P e oo0po ]JE X > « Zgéchelpyvsupbsiewres@®E E -

(physiologique, énergétique, reproduction et croissance) et inférieures (moléculaires).

e SH ¢ }vS % Eul]e [ %o%o E}(}V ]E Vv}ie }vVv Jee v e cuE o0[]Uu%o
organismes aux NM. Il a notamment été démontré que la filtration, un processus clé dans la
survie des bivalves leur permettant de se nourrir et de respirer, peut étre affectée par la
présence de NM. Certains bivalves tels @abicula fluminesemblent capables filtrer plus
efficacement les NM de plus grande taille (Hull et al, 2011). Cette étude ayant été réalisée en
pslo]e vs <« ED vE&} U o pE& PPo}u & S]}vl PE P S]}v S ]S G
montré une filtration plus efficace des NM agrégés dBeassostrea virginioaet Mytilus edilus
(Ward et Kach, 2009). Une filtration plus efficace peut mener a une accumulation plus
importante des NM dans les organismes. Ainsi, de nombreuses études rapportent une
bioaccumulation de NM de deux a quatre fois supérieure chez les bivalves exposés par rapport
aux témoins (Buffet et al., 2011, 2013 ; Pan et al., 2012, Gomes et al.,2011, 2012, 2014b ; Fan
et al., 2018 ; Garaud et al., 2015). La bioaccumulation peut varier avec le type de NM, leur
concentration, la physico-chimie du milieu mais également avec les capacités physiologiques
des organismes, ce qui peut mener a des observations tres distinctes. Garaud et al. (2015,
fiioe }Jvd u]e v Al v pv J(( & v 1} Mupo S]}v v (}v S]}v
NM et du mode de vie des organismes étudiés. Ainsi, les organismes benthiques, vivant a
o[]vs &E( p-sédiment comme les gammares, ont nettement plus accumulé les NM que le
}EP v]eu ¢ }uu o0 e &E ]J*e Vv * (JOSE vS 0 }o}vv [ H }T o S u%

%0 V e & S E]e+S]<upge. LesaNMofE hussi présenté un temps de rétention
plus long que leur homologue micrométrique dans les intestins des organismes (Ward et Kach,
2009). Une rétention plus longue peut aboutir a des modifications physico-chimiques des NM
~(}&u <U v &b sP réfrouveront dans les féces (Hull et al., 2011). Les NM peuvent
également étre rejetés sous forme de pseudoféces (Rocha et al., 2015). Le dépbt de féces et

%o }( ¢ }v ]S o[ pupo S]}v ED «}ue JA E- -« (}E
sédimentaire & pPu vs o] e¢] ]O]8 e }vS u]v vSe % }uE o

limnivores/détritivores.
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Laprésence de NM dans les organismes conduit a des altérations histologiques au niveau
[JEP ve 0¢ 30 <<py 0 EV Z]e ~D}#ll] 217petla glande) ~ oo u
]JP *+3]A ~~ 00 u] & oXU 7ii6eU & % u3 o}E+* uv E o0 UE Cef

métalliques dans les cellules se fait a travers des mécanismes de transport passif (a travers la

membrane cellulaire) owiatransport actif (endocytose) (Beddoes et al., 2015). Ainsi, les NM
peuvent étre retrouvés dispersés dans le cytoplasme, associés au cytosquelette ou dans les
vésicules endocytiques, dans les lysosomes, dans les mitochondries ou dans le noyau (Rocha
etal. 2015 etréférence ]S <X >[]vS EV 0] S]}v <« ED ve 0 ¢« 0Ce}e}u

0 HME Jee}ous]iv p (]S W %, ] « }EP v]s X ] }v uJs

dissous dans le cytoplasme des cellules, entrainant des dommages considérables en affectant

o[]vs PE]S e }Ju%o}e vSe OOpO J]E * ~% E}S Jv «U EYeX >[ (

o[]v 1 §]}v oSE ¢ }AC VS <u] % uS !Sdmémes eta le(fg sonu £ ED
JeetueX >[]Jv p §]}v u Vv]eu o S}A] S]}v Senl &} %S} }

rapportés ainsi que des dommages membranaires (Katsumiti 2014, 2015; Taze et al., 2016;

Buffet et al., 2013 ; Gomes et al. 2011; 2012 ; 2014b). Alors que la majorité des effets ont été

observésvia des expositions peu réalistes en termes de complexité du milieu et de
}v vSE §]}veU ES Jve pd pE- }vs ule v A] v o[]Jv n §]}v

déléteres méme a des concentrations faibles, dans des conditions complexes et sur du long
terme (Buffet et al., 2013 ; Garaud et al., 2016, Bertrand, 2016). Bien que les parametres
1} Z]u]<p » vipge }vv vS e ]Jv ] S]}ve epE 0o u v]eu [ S]}v eI

précoces peuvent étre visibles au niveau moléculaire.

>e Sy cuv o 0 Z oo u}o po ]JE +}vs v JE& métusquesA 0} %o %o
et sont représentées pour 16% par les gastéropodes et 84% par les bivalves. La figure 7D
U}vVSE %0opde VvV S ]o 0 %E}%}ES]}V [ SH *cuv « o] Z oo u
qui comprend majoritairement des espéces marines du géfyelus. La majeure partie de

ces études a démontré un potentiel génotoxique dans les hémocytes, les branchies et/ou dans

la glande digestive de bivalves pour les éléments suivants : CdTe quantuttGimsé et al.,

2008), IQED ~ [ P § & @NKdudeiloi étlal., 2016), Ag NM (Katsumiti et al., 2015,

Gagné et al., 2013 ; Gomes et al., 2013), ZnO NM (Falfushynska et al., 2015 ; Marisa et al.,

4 CdTequantum dots : nanostructure de semi-conducteurs composée de cadmium-tellurure (CdTe)
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2016; Fahmy & Sayed, 2017),.8 NM (Taze et al., 2016), Aet CdS NM (Munari et al.,
2014), C60 fulleréne (Di et al., 2017), CuO NM (Chelomin et al., 2017, Gomes et gl., 2013
Buffet et al., 2013). Ces dommages a ADN ont parfois été observés a des concentrations

[ £%}*]5]}v E o0 8]JA uvs (] o+ ~D 11 RPlBuffeterab}2008 3 oXU
'Ju » & oXU Tiiie & % PA VS ISE % E} p]8e % E pv Jvs E 3§]}v
JM]JV]E S uvsS % E o ] ] 0 % @E} U 8]}V [ *%:Readiive 3]A -

Oxygen Species) induisant du stress oxydant.

Les études de protéomique et de transcriptomique comparative (témoin/exposé) sont encore
peu réalisées chez les mollusques malgré leur sensibilité et la précocité des réponses
généralement observées a ces niveaux. Les techniques de protéomique sont trés peu utilisées
chez les bivalves, notamment en raison de la faible quantité de protéines de bivalves
répertoriées dans les bases de données protéiques existantes (Revel et al., 2017). Quelques
études ont néanmoins été réalisées chdytilus galloprovincialli®xposée durant 7 jours a
it RP pul> UK ED }u ii RPI> [ P ED & }v8 u]le v A] v . u
]1(( & v8« vSE o0 * ED S 0 ¢ ]J}ve <pu[Joe E 0 EPH VS ~"}u ¢ S
% ES] e S o S & o] (Jv [ A oexfEession dégehes, QUED uE
peut étre impactée avant méme que les effets puissent étre visibles aux échelles supérieures.
>1E- o[ v oCe ] o]J}u SE]J<p U pv PE v v}iu &E [ SH o ¢S5 C
« molecular* » mais peu correspondent aux criteres de sélection. Le tableau | synthétise

brievement la totalité de ces publications retrouvées qui correspondent a ce critere.

> ¢ ED }vS Ju% S O £% E <]}V P Vv e JuXko]<u Ve viu C
défenses antioxydantes et antitoxiques (MnSOD, Cat, Se-GPx, GSTpi, HSP70, CYP450, MT), les
%0 E } e [ £ & S]}v oopo JE ~DE % UM RATRase) desystemag £ [}v]:
immunitaire (lysozymes), les dommages cellulaires (p53,MIFZ ¢« S 0 & % & S]}v [
~E& AiU "' odofe ~[ P 8§ § oXUTiioV Z v pos § oXU 7ii6U s}oo
2016, Balbi et al., 2017, Chéatel et al., 2018). UneuaugS S]}vVv o[ A% E **]J}v u ( S
nécrose tumorale (TNF+ %o p !SE } « EA +u]s MV A %Ruditpes 10 Z
philippinaruma une concentration relativement faible (0,75 pg/L) de Au-Citrate NM sans
apparition de dommages oxydatifs (Volland et al.; 2015), ce qui confirme la précocité des

E %o}ve o VIA p [}EP v]e 8]}vX > u i}E]S e M.Sp o
galloprovinciallis § % @E]v ]% 0 u vS eu]s o[ A% }*]S]}v uHnAE2ED 1}
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NM). Ellesontmisen évide pv u} ]J(] 38]}v & o 8]JA uvs (] o o[ A& % &
étudiés (métallothionéines isoforme mt20, abcb-like, abcc-like, MeER2, lyzosymes, TLR-i)
~[ PSS § oXU TiioU v ] § oXU 1iioU o] 8§ oXU 1iideX ¢

réalisées sur un nombre de génes restreint. Banni et al. (2016) ont montré des effets

significatifs des T¥INM sur 48 géenes, également chdzgalloprovincialit) P o[pusS]o]e S]
[HV %o E % &u $SS vs§ o &E]oP %0 O L * ATl ¢ <cp v X
viu E PvVve% Eu3puv A op 3]}V %o0ope }u%o § o (( 8 8¢

}vv Jee v o epuE o u Vv]eu [ S]}v £ E % E o0 ¢« EDX
transcriptomique semble étre un bon moyen de déterminer de facon rapide, précoce et
evel] 0 0 (( & EDX > e« po P v}u ]JA oA }ve] E }uu }
espece marineCrassostrea giga@hang et al., 2012). Le nombre de transcrits disponibles sur
NCBI pourMytilus galloprovincialissst de 161887 contre seulement 706 pdQorbicula
flumineaet 108 pourScrobicularia planédonnées de décembre 2018). Parmi ces séquences
disponibles, de nombreuses codent pour un isoforme, ce qui diminue encore le nombre de
voies biologiques qui pourraient étre étudiées a partir de ces genes. Ces restrictions en termes
de séquences disponibles réduisent le choix des techniques possibles. Ainsi, une technique
<p v3]8 8]A <<u] ] o o[ A% E *¢]}v ¢ P Vv e ¢% J(J<p e p V]A

transcription inverse (RT-g”Z3> *S 0 S ZvVv]<yu 0 %oOpe pS]O]e SHu 00 u vSs
e ((8s s vvVvlus E]lUE ZT o+ JAOA X % v v3U o u} ](]
ZEuUu V[ S % ¢ S}Hi}pEs }EE o o[ A% E <]}V 0 % E&}S |v

par les différents mécanismes de régulation post-transcriptionnelle qui existent. Ainsi, il est
important de compléter des études transcriptionnelles par des analyses a des niveaux

biologiques plus élevés.
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Tebleau IW W o]

S]}ve % }ES vdegedEs ojezie%hdizalved WoS du 21/09/18).

Environnement

Espéce

Nanomatériau

Technique moléculaire

Organds)

Auteurs

Eau de mer Mytilus galloprovincialis TiG, RTPCR Branchieet glande digesitve [ P %tal, 2014
RTPCR Branchieet glande digestive Canesietal., 2014
RFPCR Branchieet glande digestive Barmoet al., 2013
Microarray et RT-PCR Glande digestive Banni et al., 2016
RFPCR Glande digestive et hémocytes Balbi et al., 2014
CuO RFPCR Glande digestive Ruiz et al., 2015
CdTe RFPCR Glande digestive et branchies Rocha et al., 2018
ZnO RTFPCR Glande digestive Lietal., 2018
PSNH2 RTFPCR Larves Balbi et al., 2017
Mytilus edulis CuO RTPCR Branchiest hémolymphe Chétel et al., 2018
Ruditapes philippinarum CuO RFPCR Hémocytes Volland et al., 2018
Au-Cit RFPCR Glande digestive Volland et al., 2015
C60 RFPCR hémocytes, glande digestive, branchies, Dietal., 2017
muscle adducteur, manteau
Tegillarca granosa TiG, RTFPCR Branchie Guan et al., 2018
RTPCR Hémocytes Shietal., 2017
Crassostrea virginica Ag RTPCR Glande digestive Ringwood et al., 2010
Eau douce Corbicula fluminea Au RTPCR Branchie et masse viscérale Renault et al., 2008
Dreissena polymorpha CeQ RFPCR Branchie Garaud et al., 2016
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DiUIIT 7T0 RPI> ve o (médianeu@&,055) et de 2,2 a 1080 mg/kg dans le

sédiment (médiane de 66,8\vw.gtk.fi/publ/foregsatlas). Il est pratiquement insoluble dans

of uW ~ Zo v (& ]JU TiiA*X <00 E § oX ~Tiile }vs *3Ju «<pu[ v
NM sur les 10 000 tonnes annuelles produites sont rejetées dans le milieu aquatique. Ainsi,
les concentrations en Ce®IM estimées dans les eaux douces se situent dans les alentours

M %o PIl> igecpu[ pA£ RPI> ~K[ €G] v © puu]veU T1iil V >]lp ~ }Z vU
2014,2015). Une étude récente a estimé leurs concentrations entre 5,8 et 1830 pg/L en Europe
du Nord et entre 23,2 et 5430 pg/L en Europe du Sud-Est (Wang et Nowack 2018b).
Cependant, les volumes de production des £6M ont augmenté et continueront de croitre,

pMPu vs v8 o W& «p vs]s Ve 0 ¢ % @&} pl]Se [puS]o]e S]}v ]Jve] <u
puits tels que le sol et les sédiments (Wang et Nowack 2018a). Leur faible taux de dissolution

suggere également leur persistance sous forme nanoparticulaire sur le long terme.
3. Toxicité envers les organismes aquatiques

Les études sur la toxicité des GelIM ont indiqué des résultats contradictoires, avec des
(( S %}*]S8](U o (( S v P S](*ul]e P ouvsS o[ ;Bauret[ (( S ~
al., 2015 Garaud et al., 2015 ; 2016 ; Golbamaki et al., 2015). Le cérium peut passer du stade
[}JZEC 3SPenCé 8§ JvVA e+ u viU <pu] opu] % Eu § [ «<p E]E - (}
uJu v3 o ¢ (}v 8]}ve [ VvICu ¢ ]}o}P]<p » & 00 * e (SODrblda E}A£C
catalase (Cat) (Singh et al., 2016). Une plus forte présence ¥ida@eriserait une activité
uJu v3 o[ 3]A]S8 su% E}AEC Joups ¢ ~~K o S v Jeo <pu[pV %o E -
Cé*( AYE]s E 15 % 0uSES o] 35]A]3). Aifsi, lesSCaNM peuvent pesséder
des activités antioxydantes, ce qui rend possible leur utilisation dans le domaine médical. A
o[]JVA E+ WEODes (KO VS Hee] % O PV EE <+ ZKA § Jve] []
pro-oxydants. Une diminution de stabilité des membranes lysosomales hémocytaires, une
augmentation de la concentration de ROS et/ou des processus de mort cellulaire ont été mis
v A] v ep]s of A% }e]8]1}v [} Fhtugi et al., 2012 KPark et al.,
2008). Garaud et al. (2016) ont également mis en évidence une expression réduite des genes
Se' WA § '"d%] Ve os EVZ]* % E E %%}ESE UL  $2u}]ve 0}d
NM, ce qui pourrait étre relié aux capacités antioxydantes de ces nanomatériaux. Les CeO
NM peuvent également impacter physiquement les organismes exposés. Une forte adsorption

de CeQ@ NM chezD. magna a conduit & la diminution de ses capacités de déplacement ou
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[ *u]JO S]}v [ 0 u vSe VUSE]S] (U <] %o eJAuffanEtal., 2QA0E 0 pd
Les CeOED % MHA v3 P o u vs JvE8 E P]E JE 3 uvd A o] E o}c
dans le noyau cellulaire. Ces interactions conduisent a des perturbations des fonctions de
of] E ~SE& ve E]%S]}vU E %o o0 pntirdispensablés aEmsthpbolisme hormal
des cellules vivantes (Peng et al., 2017), et peuvent provoquer des dommages considérables

pouvant mener a des phénomenes de génotoxicité.
C. +» e<vvius E] u&E [}EC H]AE
1. » § u& [pnS]o]e §]}v

Lecuiviee$ pv u 3 o u oo o E SE}uA Ve 0 }u%}e]S]}v iU A
Il présente également une bonne conductivité thermique et électrique, une résistance a la
corrosion et des propriétés antibactériennes et antifongiques qui rendent son utilisation

Jvd E e v§ Ve e Julve SE -+ JA E+ }uu o[ o0 SE}v]cp
construction et la médecine. Il fait également partie des éléments essentiels a la survie des
JEP v]eu ¢ & e3 v e JE %}IUE o0 (}v 3]}vvsgue€uzpSOTet « o o

le Cytochrome-C-oxydase).

Atv o psS]o]e S]tv o[ Z oo Vv vVv}% ES] po |E S *S]u uitE]s
§ 0Ce HE+* ~006 5| veU «pulA] ol o SE}v]cpu
(48 t/an) et de différentse § pE=* Ju%oO]<H * ve o[ E}*% S] oU o tu ]

¢

1% &]<n ~o01 I -

}eu S]<pu U o v EP] § o[ VA]JE}vv u v8 ~18 &l ve ~< oo E §
application menant & la contamination du compartiment aquatique proviendrait de leur
utilisation dans les peintures et les pigments compte tenu de leur application possible
directement dans la matrice receveuse (Keller et al.,, 2013; 2017). Par exemple, leur

incorporation dans les peintures antisalissure pour bateaux mene a leur rejet progressif dans

le mli p <p S]l<p ~ o C § oXU TiioeX >[]v JE%}E S]}v - E
% EU S %E]V ]% 0 uvsS [ uo]}& E o - % 1S ¢ VvsS] S E] v
% E} p]deU u v v Jve] e« E i - 131 ¢« ve o[ VA]JE}VV U V&
[JV(}EuU 8]}ve Je%}v] 0 « <u vd o[ A op 8]}v pu E]ecp « EDU
%o E} U]Se ]} ] ¢ ~ZW o % EuU S 0 PE Jv }E%}IE S]}v Ve 0 ¢ %
VSE ]v Jve] puv E%}e]S]}v o[Z}uu S o[ tack&E }vv u V!

potentiellement toxiques (Brinch et al., 2016). Dans ce contexte, une évaluation des effets de
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QuO NM contenue dans des peintures a été réalisée a différents stades de leur cycle de vie

dans le cadre de cette these.
2. JUu%}ES u vs ve o[ VA]J]E}VV u Vv

> H]JAE ~ pe %o US %o E ¢ v3 E <p SE 3 8+ [}EC S]}v W o
*}ol « Vo[l}v WAGWAEHWUINEjp }p  pHoeEfugraremprtideU
forme de Cu(lll) (CY. Il est principalement retrouvé dans les eaux sous la formgéeCu

mais le Ctiest moins stable et a tendance a devenir dd*O0es deux formes de cuivre sont
considérées comme biodisponibles. Cependant, le cuivre peut se retrouver sous forme
complexée dans les eaux naturelles, et notamment dans les eaux marines du fait de la forte
% E * V [J}Jve A o0 e<cp o* ]Jo A %}uA}JE « o] U u} ](] v8 v

organismes aquatiques.

Les concentrations environnementales des nanomatériaux a base de cuivre ont été estimees
comme faibles (ng a ug/L) dans les eaux de surface, mais elles pourraient atteindre localement
des concentrations assez élevées pour mener a de la toxicité (Keller et Lazareva, 2014 ; Keller
§ oXU Tii6eX > e v viu § E] pAE [}/&£ Gme les guirdsBIM %uhirdlesSU }
SE ve(}&EuU S]}ve S 00 * <p o[ PE P S]J}vU 0o + Ju vs S]}v S o
augmente lorsque le pH diminue et lorsque la force ionique et la concentration en MON
augmentent (Peng et al., 2017). Ainsi, la dissolution de CuO NM est relativement faible (< 1%)
a pH environnemental (pH®+U S v ]* <u[ 00 % US SS Jv E pv (}ES Jee}t
[JEP v]S ¢« oo0opo JE * }luu o0 ¢ oCo){(Keller et &., 2097; Peiag Atial.,
2017). Elleest® o u v8 pPu vs V % E Vv [uv (}JES (}E ]}v]«p
NaCl, mais est dépendante des électrolytes en solution. Elle est également dépendante du
S C %o DKEX >[ PE P S]}v S0 ¢ JuvsS SJ}v ¢}vS %oope JuRke}ES
qgu[ (1 @& J}v]cu 0 A U 3Sv]e <cp[ 00 ¢ ¢}v8 E p]S ¢ V %E Vv
2017). Ainsi, de nombreux paramétres influencent le devenir des nanomatériaux de Cu dans

o[ VA]JE}vv u vEU & Jve] lité et@ur ptdrthes joxigye.
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3. Toxcité envers les organismes aquatiques

>e¢ pK ED (( 8v38 o0+ }EP Vv]eu » 1(( & v3s V]A upu&E [}

populationnel en affectant la reproduction (Adam et al., 2015), au niveau individuel en

affectant la physiologie des organismes et leurs réponses cellulaires (Buffet et al., 2011, 2013;

Hanna et al., 2014; Gomes et al., 2012 ; Ruiz et al., 2015 ; Pang et al., 2013) et moléculaires

(Gomes et al., 2013; 2014b). Compte-tenu des multiples interactions et modifications de

milieu (pH, composit}v v ]}veU % E}S Jv U 3§ Ye C v3 o] pu p V]A

biologiques, il est difficile de déterminer si la part de toxicité est due uniquement a la forme

V V}% ES] po |E }H °*}v %o E&} p]S ]Jee}lopusS]ivX [ %o@& + ES ]

observés résultent des ions issus de la dissolution des NM de cuivre uniqguement (Jo et al,

TiiiVv o]Jv}A & oU fiii V Epu}i 8 oU 1iidV d A E « & oU 1iid

toxicité serait due a la fois aux NM eux-mémes et aux ions issus de leurs dissolution (Kasemets

et al, 2009), ou encore seulement aux NM eux-mémes (Hua et al, 2014 ; Baek et al, 2011). Les

} o EA §]}ve ]JA EP v3U u]e o u} o [SH * ]Jve] <p 0 ¢ u
[ u e *}vd puAE pee] SE « AheErhotulhine rédlicée G des bivalves

exposés a de faibles concentrations de CuO NM (10 pg Cu/L) a montré que ces deux formes

~V V}% ES] po JE S J}v]l<p o Vv[]Vv H]* VS % ¢ 0 ¢ ulu ¢ E %}V

u Vv]eu [ 8]1}v 1(( & vSs eutliseeqGoflex et al., 2014b). Les observations

sont aussi en accord quant a la toxicité du cuivre ionique et nanoparticulaire qui parait plus

importante que le cuivre micro- et macrométrique (Kaweeteerawat et al, 2015 ; Aruoja et al,

2009).

Le CuO peut étre internalisé a la fois sous forme ionijaeles canaux spécifiques, et sous
forme nanoparticulairevia des mécanismes de transports passifs viades phénoménes
[ v} C8le X >¢ J(( E VvE s (}EU + HJAE % pA vE o0o}E. E
C3}e}o]cpu o Jve] <pu[ A 0 e }EP v]S o oopo JE ¢« S o+ Vv }uu
induction de ROS. Le cuivre génére également desvik@eéréaction de Fenton qui conduit
a la formation de radicaux hydroxyles (H®es réactifs. Des défenses se mettent alors en
place pour contrer ce stress mais des dommages peuvent malgré tout étre observés si ces
défenses ne sont pas suffisantes. Chez les bivalvagalloprovincialliset S. planaexposés
pendant 14 a 15 jours a 10 ug Cu/L de CuO NM, des défenses antioxydantes (SOD, Cat, GPx)
§ VvS]|S}AE]<Hu ¢ ~'"deU e % E&}S Jv e E 0] - 0[Z}u }eS «]
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us }o]Jeu v EP S]J<p ~0 § S o ZC E}P v ¢ ¢« }vsS § <}00] ]S U
été suffisants pour contrer des dommages tels qud v }uu P u vs§ e uu EvV -
~% E}ALEC S]}v 0]%] J<p *U o v pE}IS}A] 1S ~]vZ] 181}v of
(caspase-3) ou la génotoxicité (test des cométes) (Gomes et al., 2011, 2012, 2013 ; Buffet et

al., 2011, 2013). Des anomalies de croissance et/ou de développement ont également été
mises en évidence chez différentes especes de poisson (Ostaszewsk et al., 2016; Song et al.,

2015).

Au niveau transcriptionnel, des genes codant pour des protéines impliguées dans le
cytosquelette (actine S -8 po]v *U 0 *SE + }AEAC VvS S S}AE]«p ~'"*dU A
e US uAE ~DdeU 0 *SE ¢ PV E 0 ~,"Wbi* § Ve 0 & % & §
présentent des expressions modifiées cizedulisX [ % & * <+ E *pos SeU o0[]VvS (
dee MK ED AE ]85« (]E SE A E+0 u vVv]eu [V} C8}e Uuv
(ve o VS]}EC v3 e & Vv3]8}E]cu ¢ ]Jve] <u[ o[ 38]A 3]}v u v
of] E ~Z 380 § oXU 1iideX e } ¢« EA 3]}vebnt 24 héytese %o E -
[ £%c}]S]}Ve it RP pul> HK EDU u 88 v8 v A] v v }E p\

ces réponses.
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Chaptre Il : Démarche scientifique

Dans le chapitre précédent, nous avons mis en avant les transformations que subissent les
NMM danso[ VA]JE}vv u v§ «p $]«pu U <u] E v 1((] Jo o[ A op 3]}
0 HEs (( & ve o[ VA]JE}vv u v3 v SuE oX Su oo u v3U o -
concernant les effets des NM sur des especes qui sont connues pour étre de bons indicateurs
de pollution, tels que les bivalves. Des études supplémentaires sont donc nécessaires afin

[ A op & o AVIE S0+ ((8 <+ EDD ve o[ VA]JE}VV u vs <y

V %00 [ A% }e]S]tve o E %% E} Z VvS wopmenverialesien e }v ]
termes de concentration, de composition, de durée, mais également a travers la sélection

[ *% ¢ %0}S v§8] 00 u vS %oOpe E]e<p X [ S %}pE<«<pu}]U o u
cette thése a consisté a augmenter progressivement la comft | § e }v ]S]}ve [ AA%o}e]
afin de déterminer dans un premier temps le devenir et les effets des NM en microcosmes,
% u]e ve ¢ }v ]8]}ve %oopues EE 0]*3 o [UV %o}]VS Au VvA]E}vv
place de mésocosmes. Dans ce chapitreo [Jvd E!3 [uv 3 00 %% E} Z A 13E
approches méthodologiques menées a différentes échelles biologiques au cours de cette
thése sont aussi exposées dans ce chapitre. Les réponses suivies ainsi que les especes modeles

sélectionnées y sont également décrites.
A. }lu%o A]1(] S]}tv o[ £E%}*]18]}v

Dans les écosystémes naturels, les organismes sont constamment exposés a différents
( S puE- ]1}S]<p » ~8 U% E SHE U % ,U + o]Jv]Ss U u & U }vsS u
§ ] U oPu mdtficatiorrs de ces facteurs influencent la physiologie de ces
organismes et constituent des facteurs de stress lorsque leurs valeurs sortent de leurs
gammes de confort. Un organisme exposé a un stress ne répondra pas de la méme facon si un
stress supplémentaire est ajouté. Ainsi, la réponse a un polluant peut varier en fonction des
conditions environnementales. Les activités anthropiques peuvent considérablement
influencer ces conditions notamment en causant des augmentations de température, de
salinitée jpu [ ] 18 e ujJo] HAEX %00 e U e u} J(] 8]}ve % pA V3
comportement des contaminants présents dans le milieu.
Dans le contexte des NM, la complexité des écosystemes naturels rend difficile leur détection

dans les milieux natures S v % @Eu § SH 00 U VS %o ° § EGulv E o 9
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anthropogénique. Comme démontré dans la figure 9, de nombreuses particules
nanomeétriques issues a la fois de processus naturels et anthropogéniques y sont présentes.
La faible concentration de NMM et la présence des nombreuses formes naturelles rend

1((] J]o o s S]}v <« (}E&uU « uvp( SHE =+ S }ju%o A]J(] (

effets dans le milieu naturel.

Figure 9W o ¢ unu&AZ v SUE 00 * }vs] vv pedeunanoméeigyasudifférg¢ntes,
y compris de différentes formes de NMM (Nowack et al., 2015). Abréviatiohdvt: E-
nanomatériaux manufacturés, BNM : NM dérivé du matériau britMMA-NM érodée, NNM :
NM naturel, ONM : NM généré par combustion, SPM : matiere particulaire en suspension.
e« Ev] E - vv] U o[ A op 8]}v H EJe<p =} ] nE ED 3
en laboratoire dans des conditions contrdlées. Ces travaux ont mis en évidence non seulement
O[Ju%e}ES Vv e }v VvSE S]}ve psS]o]e e u]e P o uvs of[]v(op v
(salinité, concentration des NM, physic& ] u ] e EDYe ey 0 }Uu%}ES u vsS S c
e EDX >[ AE£%}]S]}Vv e }EP v]eu ¢ Vv uJo] M *Ju%0o % EU S O
[ £%}]S]}Vv ~S uU% E& SPE U %,U * 0]v]S U opu]v}e]sS Ye Jve] <
}vs u]v §]}vuU <u] % Eu § [ Sp ] EE o o]v VSE o A%}*]S]}v
}v 18]}ve eJu%eo ¢ [ AE%}e]1S]1}v *}vsS o}]v E (0o 8§ E o & o0]S3
Su e+ }vs [}E » § i § uv e ve e Uu]Jo] HAE %oOPhe Ju% O £ -
la mise en place de mésocosmes en extérieur, mais la réduction du contrble des différents
% E u SE ¢« p ulo] B ~ oJu 3U A v3Ye E v teoNMef@uifm o «u v

reproductibilité de ces études (Bour et al., 2015). Un bon compromis serait de réaliser des
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expostions en intérieur, afin de pouvoir complexifier le milieu tout en gardant un certain

JVSE€0 *uE o[ A% }]5]}vX intérétsRip @G cdmptanigteSE o

[ ]
@ Réalisme environnemental :

Controle Complexité
Répétabilité

@ Caractérisationded £ %p3]}v @

Figure 10 : Avantages et inconvénients des approches expérimentales selon le degré de
}u%o A]S e u]o] HAE [ A%}]S]IVX > ¢ %% E} Z ¢ A% E]uU \
these sont encadrées en rouge.
Une expositionen més }eu o § u]le VvV %0 Ve O & o[ -EZ D "KE
2015) et a été décrite par Auffan et al. (2015). Elle consiste a exposer des organismes
< SJ<p o v ]vs E] HE ve ¢ Je%}]S](° 0i 0]SCE ¢« }u% E v v
du bioteU S§}us v }vSE&€o0 vS ES Jve ( S pEs [ A% }*]S]}v ~S U%o
mesurant continuellement de nombreux parametres physico-chimiques (pHpd@entiel
E }AEYX *]PVv % Eu § [ %% E} Z E e }v ]8]}ve VA]JE}
complexité du milieu tout en permettant la quantification des NM dans le systeme. Il permet
Pouvs [ Aou E 0 -Chimieales®M @telpu} relation avec les organismes
~u((v & oXU TifideX (Jv [ i}u8 E A v3 Pedes aréegaété) o u
mis en place pour des expositions en eau de mer par Carole Bertrand (2016) dans le cadre de
ol EZ E v} >d2617)iLa figure 11 reprend les systemes expérimentaux utilisés dans
0 & ol EZ E v}™ >d % }uE  eocodatéslen &dydoucereteau de mer.
Cette approche a été utilisée dans le cadre de cette thése dans le but de se rapprocher des
Jv 18]}ve VA]JE}VV u v3 0 X [ ¢8 %}luE<p}] e }v VSE S]}ve C
}vS u]v vSe ~ o[} E E té utiiRdes=abnjdePpermettre a la fois (i) de définir le
devenir et les effets des NM a des concentrations plus proches de celles estimées pour
o[ VAJE}vv u v3U § ~]]* pv § 3]}v « ED Ve o Je%o}e]:

transformations des NM au cours de leur cycle de vie ont également été prises en compte en
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Tableau Il : Conditions expérimentales mises en place au cours de cette these.

Oxydes métalliques CeQ CuO
D]Jo] B [ A% }e]| Microcosme Meésocosme| Microcosme Mésocosme
Espéce C. fluminea C. fluminea | C.fluminea C.fluminea S. plana
Salinité (psu) 15 1,5/15 15 15 30
Nanomatériaux X X X X X
Nanoproduit X X X
Nanoproduit vieilli X
o I
<6 jours X X
7 jours X
[Tiénngg]} 14 jours X X X
21 jours X
28 jours X X X

¢

Commeo =« o]v]E 8 epe %3S] o [ ((

« EDU o[ (( & }u ]v o + 0]v]&

E o0 (}]* 0 }Ju%}ES u ve
[uv  }vS u]v S]}v uA&E ED

(7513

de cette these che€. flumineaexposée a la fois a une salinité représentative des eaux douces

(1,5 psu) ou des eaux saumatres (15 psu) et des KEIOLe devenir et le comportement des

NM a différentes salinités ont été également déterminés suite a des expositidDsfileninea

en eau douce (1,5 psu) et & planaen eau marv  ~71i1 %o « UK EDX >[ A op §

effets dépendants de la salinité semble indispensable a réaliser puisque des modifications de
Ju%}ES u vs e JEP v]eu ¢ }pu e }vS u]v v8e o}vS epue %S] O -

trés différents. Les données acquises permettent non seulement de déterminer les effets des

NM le long du continuum eau doucteau de mer, mais peuvent également alimenter la

réflexion sur les effets écotoxicologiques des NM dans un contexte de changements globaux,

% n]e<u o uPrudet&nipEfature et les activités anthropigues menent également a une

augmentation de salinité dans les milieux naturels.
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B. Approche multi-marqueurs
>[us]o]e S]}tv JJu <y pEes % Eu § % E |E uv] %
}vS u]v vS epE of S S e VS [uv ]Jv JA] pU [pV % }%opo 3]}v }u
prendre rapidement les mesures nécessaires a leur protection. Le biomarqueur peut étre
décrit comme une mesure quantitative de changements de composants moléculaires,
biochimiques, cellulaires, physiologiques ou comportementaux reliés a une exposition
présente ou passée a un ou plusieurs contaminants (Vasseur & Cossu-Leguille, 2003). Comme
le montre la figure 12, plus les observations sont réalisées a des échelles biologiques élevées,
pluseoo ¢ « E}vE E 0]*8 * [HUV %o}]VS Ap VvA]JE}vv u v oX E v
Z 00 * %Ope o o o E}VS %0pe JV(}EU S]A ¢ epyE 0o u Vv]eu |
e« E}vE P o u vs Ale] o - e« Z 00 § U%oes % efiets gUXES X >
niveaux les plus bas devrait donc permettre de détecter les effets des contaminants avant
cu[]oe V[Ju%e 3 v3 0 ¢ VIA U/E *p% E] PEe* 5 %}uEE ]88 ]Jve] -
,Jo v 8§ 0oX ~1ii0e }vS ]Jve] % E dutils mol¢eLidied« Soppiquese afin
de déterminer de facon rapide les voies mécanistiques que généerent les effets toxiques des
NM.

@ EJA u&E [}JEP v]e §]}v @O}P](p

[ Ecosysteme J Spécificité

Pertinence -

écologiue [ Commmunaute J Précocité et sensibilit

Population
Echelle [ p : J Evaluation

de temps [ Individuel J pu  v]eu [
[ Cellulaire J Relier la cause
[ Moléculaire J Et les effets

© @

Figure 12 : Avantages et inconvénients du suivi de biomarqueurs a différents niveaux
[} E P v]-ebidlbpigue (a partir de Adams et al., 1989 et Mussali-Galante et al., 2013).

Un des objectifs de cette thése était de développer une approche de détection des effets au
niveau moléculaire en utilisant les outils « -omiques (Jv [ A op E § Ju% E v E
effets précoces des NM chez les invertébrés, et particulierement chez les especes non
séquencées. Les disciplines «-omigue% €Eu 33 v3 [ VA]e P E pv <pl]A] &
Z VP u v3e [ A% E *]}v viu E pE P v e pvl]A p ZE ~3E ve
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protéique (protéomique) ou bien au niveau des concentrations en meétabolites
(métabolomique), et de déterminer quelle voie moléculaire est perturbée par un
contaminant. Ces approches sont largement utilisées chez les mammiféres, mais leur
développement en écotoxicologie aquatique est récent (Amiard-Triquet et al., 2015). Le terme

« écotoxicogénomique » a été proposé pour décrire les études analysant les réponses
adaptatives au niveau transcriptomique, protéomique et métabolomique en écotoxicologie
(Snape et al., 2004). Ce ]* ]%o0]v ¢ % EU SS VvS§ (1€ pv S S e 0] HAE
ARN, protéines ou meétabolites dans une situation donnée, mais peuvent étre également
utilisées afin de comparer un état par rapport & un autre, et seront dans ce cas appelées des

techniques « omiques » comparatives.

> [ « expression de génes & ( & o[ veu o e E S]}ve <u] }uS]ee vSs
o (}Eu $]A paP]E pPPFPEZE ve ES3 ]Jve ¢~ ZE E] }elulcp 9
ou la protéine dans la majorité des cas. Chez les eucaryotes, elle démarre dans le noyau
OOpo JE A o0 SE ve E]%S3]}vU <pu] }EE %}V 0 *Cv3Z »
[ E } v8X Kv % pS ]*S]JvPu E %oope] HE* *}ES « [ ZE * 0}V C

o[ ZE u «< IRN@E) eomprend la région codant pour une protéine. La transcription se

\/

déroule en trois étapesV- o[]v]S] S]}vU o[ o}vP S]}v 8§ o § Eu]v ]Je}vX

ZE}u S]v  }]S !'SE Ju% S % }HE % Eu SSE [ E o}|

pourr <[C (]&£ & % ES]E [pv & PJ}v % E}u}sSE] S us E

1(( & v ( 8§ pE- SE ve E]%S]}vX ~[ v epul]S o[ § % [ o}vP

E] }Jvp 0 }8] ¢ %}IUE (JEU E % E}IPE «+]A u vSupe séGueuce|[ ZE ipe
§ Eu]v Je}vU <u] }usS]S o o] & S]}v ol E 8§ o[ ZEX

encore fonctionnel et est appelé ARN pré-messager. Il doit subir une étape de maturation qui

implique des modifications structurellesa ~ ]« s4adé dles parties non codantes (introns) et

~11e o[ i}pus [pv  }](( of ASE u]s A[ § [pv <p U %}0C~ -

[ HPu v B « <5 ]Jo]S8 S [ PIJE su&E -<}v E ¢« P X-"uls

SE ve E]%S]}vv 00 *U o[ ZEu S (}v S]J}vv 0o S 8 SE ve( E VI
% E}S Jve [ E e« P X ¢ ZEu u SpPHE » A}vE 0}Ee+ %}uA}]E

% E 0 ¢ E] }e}u e VvV % ** VS % E < S % ¢ []v]S] S]}vU [ o}vP

étapes supplémentaires (post-traductionnelles) peuvent également étre nécessaires pour

obtenir une protéine active. Chaque étape (transcription, post-transcription, traduction, post-
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traduction) peut étre régulée et cette régulation est dépendante du gene concerné. Le profil

[ A% E ¢*]}v ¢ P v e 5 pee] % V VS o W& (}v S]}v 8§ 0

et évoluera differemment en réponse a un stimulus externe comme un stress chimique par

E u%o0 X >[ A% E *°]}v Pve E %}v pent rgpidenognt S1tv E

~ujvus - Z UWE +» 3 EE]A v u}lvd o E %}ve e 0 se]lcp u Vv
oopdo JE }uu ]JooueSE °*pE o (]JPHE iiX 00 % psS o}E- !SE

précoce en cas de contamination (Eissa et Wang, 2016).

>[ A op §]}v of A% E <]}V PvVve% pus « (]E ( }vvlveo
spectre de réponses, ou de fagon sélective en mesurant spécifiguement les changements
[ A% E oe]}ve ES Jve Pv e ] o oX >[ A ouilisde pour tes $]A &
organismes pour lesquels peu de séquences génomiques sont disponibles (Revel et al., 2018),
<u] S o * %o}LE v}e }EP v]eu ¢ [ Sp X
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Figure 13 : Organisation hiérarchique des procédés biochimiques (adapté de Newman &

Clements, 2008).

Ve O E §§ §Z « U o[ A op 38]}v of E% E e*]}v P v e
o[ ZE v us8lo]e v3¥ o § Zv]gRCR- (Revér3d Trahdcriptase quantitative
Polymerase Chain Reaction). Cette technique nécessite la connaissance de la séquence

} v3 p Puv Su ] @ (]v % }UA}]E «Cv3Z guj-ardplifiera } %o 0

32



*% (J}p u vs Pv X > ZEu ¢S % o0 o uvsS ASE ]S MU S]eepu
technique de dissection et de conservation du tissu biologique a été adaptée au cours de cette

SZ (Jv [ oJu]Jv E 0 ¢ S]eepe viv ] o+ S [} SV]E pv u ]Joo |
ARNmM est ensuite rétrotranscrit en ADN complémentaire (ADNc), qui sert de matrice pour

o[ u%o](] Sl}v KM (& Pu teSamplificatiaa 's& Xait par une succession de 40

C o+ }vsS Z pv }Ju%}ES pv $ %o v SUE SJ}vU [ZC &E&]
(Figure 14).
phase exponentielle plateau
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Figure 14 : Réaction de la PCR en temps réel (adapté de Bigot et al., 2008). Un cycle se compose
[UV %o Z - v SuE SJ}v ~ U [ZC E&] S]J}v ~« S [ o}vP 8]
détectée est proportionnelle au nombre de copies du géne cible.
Au cours de la dénaturation, la température augmente (95°C) afin de séparer les doubles brins
[ E <p] *}vS u JvS VU %% E] © % E < 0] ]J*}ve ZC E}P v X hv
brins, la température est abaissée a 60°C (renaturation) pour que les amorces puissent
o[ %% E] E 0O HE * <P V }u% o u vs JE X Wpu]eU pv S %o
synthése [uv E]v }u%o u v38 JE X ¢ § % * % Eu S5 vs§ Pv E E
des copies du gene ciblé. La détection en temps réel de ces copies et leur quantification sont
seUE < % E o[uS]o]e S]}v [V }u%e}e (Oou}E <doubde britbet o .
[HVv u & X > ¢]Pv o (Op}E » v S %o E} % }ES]}IVV O 0 <\
Ainsi, plus il y a de copies au départ, moins il faudra de cycle pour détecter le signal de
fluorescence. Le nombre de cycles nécessaires a la détection de la fluorescence est appelé le

cycle seuil (Ct ou Cq) et apparait toujours en phase exponentielle de la réaction

[ U%o0](] &]}vX
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Schmittgen (2001) présentée ci-dessous

RCt = (Ct du gene cibleCt du géne de référence)
PP § A ~P § o[- Z&S]ood}eEP v]eu viv A%} X

§S§ u S$Z} % CEu § JEEIP E &S Jve 1] A% EJu vsS pAEU
de RT. Elle nécessite la quantification de genes qui sont exprimés de facon constante dans
toutes les conditions afin de normaliser les données avec ces genes dits « de référence »,
utilisés comme calibreurs internes. De facon générale, ces genes sont des génes de
maintenance tels que lé 6 * U -actirte et les protéines ribosomales (Amiard-Triquet et al.,

2015). Différents génes ont été sélectionnés dans le cadre de cette these (protéine ribosomale
AT Sattine) et leur stabilité a été vérifiée pour chaque expérience. Seules les expressions
qui se sont révélées stables ont été conservées pour la normalisation. Les expressions ainsi

calibrées vont pouvoir étre comparées entre les organismes exposeés et les non-exposes.

>[ A% E o]}V PvVve % us 'SE E A o 3@écoce] Neamdhdihssbe ( }v
o] v VSE o £% E **]}v ¢ ZEuU o0 <CVvSZ - e %0 E}S Jv ¢ S 0
Des processus de régulation entrent en jeu a chacun de ces niveaux (transcription, post-
transcription, traduction, post-traduction), cepu] & v % & (}]* ]J((] Jo o[ £ASE ?
E *pos e e VIA UAE *p% E] HE+* ~<0 % E 5 oXU TiideX W E
e ZEU V[ ¢S %0 ¢ *C*S u S]<pu u vsS E o] 00 * % E}S Jv ¢« §
[ £%o0]<p E Jitons deAoEgntrations protéiques. Le fort pourcentage inexpliqué
peut étre dd aux régulations post-transcriptionnelles et traductionnelles mais aussi a la
PE S]}v ¢ ZEu 8§ %E}S Jv ¢ ~s}P o § oXU iiileX ulu U o
des enzyme V[ ¢35 %0 * %% E}% E] %o}pE § Eulv E o uE 3]A]S
car certaines enzymes nécessitent des modifications post-traductionnelles pour étre actives.
D oPE e J((] pos - JEE o 3]}ve VSE V]A édeEngsargbv } E %o} (
§ [ Z oo - U *huE ¢« J(( E v » % EUu S [ %% }ES E pv U ]

interprétation des réponses biologiques. La démarche adoptée au cours de cette these a donc

§ Vv}Vv e po u v$ A 0}% % E < }us]on de ceptdiAd génes[cléR, %o E ]
ule Pouvs [ pPuvs & o v}iu & E %}ve ¢ J}O0}PJ<H o u spC
}vs § u v e o[ Z oo u}o po ]JE of] Z oo ]Jv ]A] p oo

biomarqueurs qui sont détaillés dans la partie ci-apres.
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1. Marqueurs de stress oxydant

La respiration des organismes conduit a la production de composés hautement réactifs dérivés
O[}ECP V %% 0 0 °* *% * Z S]A » O[KAECP v ~ZK”" %}
}uu o[ V]IV cpu% EIEG EK] o0 ZC E}ACo ~-K,*U 00 E}AEC
S o[} £ACP v S\ Ryprusent réagir avec de nombreux composés cellulaires (ADN,
% E}S Jv *U 0]%] U S Ye S 0c° VvV 3iuuP EX <« u Vv]eu - (\
mis en place pour éviter ces dégats et composent le systeme antioxydart ¢ [ A% }*]S]}Vv
a des contaminants comme des métaux (Cu, Fe..), la production de ROS peut
considérablement augmenter et peut alors mener a une induction du systéme antioxydant
pour contrer les dégats. Une trop forte quantité de ROS peut dépasser les capacités
antioxydantes des cellules et générer ainsi des dégats cellulaires considéfiabte)s} £2#C S]}v
% E}S Jv U E & ] « PE « ~ 0A - ou ] § oXU 1ii6X
oxydant est couramment rapportée en réponse a de nombreux stress (température,
xénobiotiques, hypoxie...) et compose la réponse la plus classiquement observée suite a une
exposition aux NM (Klaper et al., 2014). Quelques défenses antioxydantes ont été suivies a
ol Z oo 1} ZJul<p ~ 8]A]8 » "K U sSU '"WAU d + § ol Z o
MnSOD, Cat, Se-GPx, Trxr) au cours de cette thése et sont brievement détaillées ci-dessous.

1.a. Superoxyde dismutase

La superoxyde dismutase (SOD) apparait comme la premiére enzyme de défense contre le
stress oxydant en catalysant la dismutation des anions superoxydés(Qdioxygene (£) et
V % E}AEC [ZGOLELIP v~

MML.SOD + © AM™-SOD + ©
M™-SOD + © + 2H £AM"-SOD + ¥,

[ *S uv u S 00}% E}S ]v C vS ve e}lv ]S quep(qui peuyerio}e o U ¢
ISE o M]AE ~ pe 80 I]Jv ~eveU O uvP ve ~DveUo (E ~-&
SOD a été évaluée par spectrophotométrie suite g~ %S S]}v H % E&}S} }o hi
(1997) qui fait intervenir le composé WST-1. Qheftumineala Cu/Zn- et la Mn-SOD ont été
séquencées. La Cu/Zn SOD est retrouvée de fagon ubiquitaire dans le cytosol et le noyau (Rhee
et al., 2011) tandis que la MnSOD a une localisation mitochondriale. Une approche par RT-
gPCR a permis de démontrer que la Cu/Zn SOD est plus transcrite dans les branchies et la

glande digestive que dans le muscle adducteur, la gonade, le manteau et le pie€.chez
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fluminea(Xie et al., 2018)>[ &£ %0}*]5]}Vv ]JA oA« upu/&E ED Pouvs upPL
de la SOD au niveau biochimique (Buffet et al., 2011 ; Gomes et al., 2014b, 2012).
1.b. Catalase
> §0°¢ ~ de 8 puv VICuU <pu] % Eu 3 o S}1AE] Sy % E}.
en eau (HO) et en oxygéne (@ ¢ ve }veluu E [ v EP] ~&olid@ ke 1iideX ~
nécessite pas de cofacteur et se résume a cette formule02 KEOG, + 2 HO.
Elle est localisée dans les peroxysomes et les mitochondries et étant donné son role, elle est
couramment utilisée comme biomarqueur de défense. Chez les bivalves, son activité a été
rapportée par de nombreux auteurs comme étant augmentée suite a une exposition a des
CuO (Buffet et al.,2011, 2013 ; Gomes et al., 2011, 2012), ZnO (Buffet et al., 2012), Au (Pan et
al., 2012) et Ag NM (Buffet et al., 2014 ; Gomes et al., 2014). Une diminution de son activité a
été observée par Garaud et al. (2015, 2016) suite a une expositién peymorpha a des
CeQ NM, probablement en raison des propriétés antioxydantes de ces NM.
1.c. Glutathione peroxidase
La glutathion peroxidase (GB* % Eu S pee] S}E]«p E 0 %2@B}AEC [
ulJe Pouvs [ USE * % E}AEC X 00 S 0} O] Ve O
complémentaire a la catalase pour la détoxication d€®H Toutefois, la catalase a une
capacité de prise en ci& P >Cp qui est 2 a 4 fois supérieure. Les GPx peuvent exister sous
deux formes qui nécessitent ou non du sélénium. La GPx sélénium dépendante (Se-GPx) peut
E PJ]E A puv PE v A E] 3 0 EQydoxydesoigdnifues) tandis que
la GPx séléniunjv % v v3 vVv[]vd & P]8 <u[ A 0O° (J&u -+ E p]s -
organiques.
2GSH+4#, W """ =,0 (forme Se-dépendante)
2GSH+ KK, W 'A"' = Z KO (ferme Se-indépendante et dépendante)
La présence de glutathion réduit (GSH) est nécessaire a son fonctionnement. Le GSSG peut
étre converti en GSHia o[ &5]A]S o Popus $Z]}v E H S e ~"ZeX >]
généralement augmentée suite a une contamination aux NM (Gomes et al., 2011, 2012,
ESE v S oXU Tiite u ] v[ % * 3$NMchedDreissen@&polymorpka
(Garaud et al., 2015). La transcription de Se-GPx a été également été affectée par des NM et
a été augmentée en présence de Cit-Au NM (Volland et al., 2015) et diminuée en présence de
CeQ NM (Garaud et al., 2016
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1.d. Thiorédoxine reductase

La thiorédoxine réductase (Trxr) est la seule enzyme connue pour catalyser la réduction de la
SZI}E }AE]v ~dEAE*X [ *S pv =+ 0 V}% E}S Viale NADPH et|lo (E MV
transfére a la thiorédoxine qui devient alors active et peut réduire les ponts disulfures des
% E}S Jv o U [ USE ¢ e *SE S
Trx-S+ NADPH +*H&ETrxr-(SH)+ NADP
Trx-S + Trxr-(SH) AETrx-(SH)+ Trxr-$

> dEA e+**pE ]Jve] 0 u]JvsS v v [uv VA]JE}vv u vd8 oopo |E
avec de nombreuses protéines, permettant ainsi de protéger la cellule des effets déléteres du
stress oxydant (Lee et al., 2013). Elle peut également réduire des protéines directement
Ju%eo]<p ¢ ve 0O e (ve e VS]}AEC VS ¢« S 00 <yu 0° % E}ECC
%o ¢ MV]<p u vS }tuu VvS]}AEC vSU u ] P o uDWSlatrans@iptio§vsSZ -«

PveUo &E}]eevV oopo |E S of]vZ] ]S]}v O[ %}%S}e ~D

1.e. Capacité antioxydante totale

> u & o[ 3]A]8 Vv38]}AEC vs 8}3 0 ~d}3 o Vv3]}EC vE %
une évaluationPo} o ol 3]A]8 VvS8]}AEC v8 [puv Z vs]oo}vU % E
0o 3]A]S8 ¢ VvICu 8]<p * ~*K U 38U Ye 3§ vlv VvICu 8]<p » ~'~ U
mesure rapporte la totalité de ces activités antioxydantes et renseigne ainsi sur la capacité
des organismes a neutraliser les ROS.

2. Mécanismes de détoxification

Afin de lutter contre les xénobiotiques, les bivalves possédent de nombreux mécanismes de
défense qui permettent de réguler leur concentration interne. Différents mécanismes de
dés}ZA£] 3]}v }vd § eulAle o[ Z oo ]} Z]ul<p ~DdU '"dU We
(MT, GSTpi, MXR, HSP70).

2.a. Protéines de choc thermique :

Les protéines de choc thermique (Heat shock protein = HSP) sont des chaperons moléculaires
présentes chez les procaryotes et dans tous les compartiments cellulaires des eucaryotes
(Fabbri et al., 2008). Parmi elles, les HSP70 et HSP90 (respectivement 70 et 90 kDa) sont les
plus conserveées et les plus sensibles aux facteurs de stress (métaux, température, salinité,
nourriture, acidification ...). Xie (2017) a pu démontrer un nombre de transcrits de HSP70 et

HSP90 plus élevé dans la glande digestivE€.déuminegar rapport aux autres organes. Les
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HSPO représentent 1 a 2% des protéines totales de la cellule, ce qui les rend les plus
abondantes, méme en absence de stress. En tant que chaperons moléculaires, elles
participent a la protection de la cellule (i) en permettant aux protéines nouvellement
eCVvSZ S]e ¢ [ <u E]JE o pE&E }v(}Euesrendast@&ctives, (iyéhevitamb o

ol PE P 8]}v 8 0 u pA]s JV(}EuU 3]}v  *» % E}S Jv ¢ <u] % HA
VIEU O« 8§ ~]]]* v PJ]ee vd pn Vv]A o SE& ve u S]}v *]Pv
réponses immunitaires (Fabbri et al., 2008). Ainsi, elles peuvent renseigner sur les conditions
générales de stress des organismes et donnerdgBv p/&E % E } <+ [Jv3}A&] §]}v A

les fonctions complexes soient compromises (Fabbri et al., 2008).
2.b. Métallothionéines

Les métallothionéines (MT) sont des protéines de faible poids moléculaire (6-7 kDa),
thermorésistantes, tres conservées, qui sont retrouvées des procaryotes aux eucaryotes. Elles
sont riches en cystéines, qui représentent environ 20 a 30% de leur poids moléculaire. Les
groupementsthiol (&, o E ] pe Ce3 Jv » % Eu $3 v§ puAL Dd [ A}]E p
A viu E pAE£ u S pAE Oo}pE *U <uf]oe *}] v-gssentials(Ca,Hg; pU ove
Ag) (Bigot et al., 2009). La demi-vie des MT seules serait de 1 a 4 jours tandis que celle des MT
Ju% o AE o U %o} MEE ]S HPu vS E ipe<u[ 061 i}pEX o00
contrélant la biodisponibilité des métaux essentiels comme le cuivre et le zinc et sont capables
de transférer ces métaux aux molécules réceptrices appropriées telles que des
métalloenzymes (Cu/Zn SOD) ou des facteurs de transcription. Elles peuvent aussi lier des
métaux non-essentiels et participer ainsi au mécanisme de détoxication de la cellule. Leur
concentration augmente généralement en présence de métaux qui ainsi séquestrés, ne
réagissent plus avec les composants cellulaires, ce qui permet de réduire les dommages
E eposS vSeX | V<u [ USE » ( S PE®* %op]e*e VS Jv(Oop v & o pE
les MT sont couramment utilisées comme biomargueur de stress métalligue notamment lors
[ Sp  <uE o ¢« ED ua&canodntratiod en MT a été augmentée chez des bivalves
exposés a des NM métalliques tels que les CuO NM (Buffet et al., 2011), les Ag NM (Gomes et
al., 2014), les ZnO NM (Fp# ZC v | § oXU 1iié6eX E vu}]veU §§ Jv pu §]
observée suite a une exposition a des Ag NM (Buffet et al., 2014) et ZnO NM (Buffet et al.,
2012). La transcription de MT a été augmentée chez les bivalves exposés a d&dMTIO

~ [ P § ,2014)XCe&NM (Garaud et al., 2016), CuO NM (Chéatel et al., 2018), et Au NM
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oXU Tiifie § «<p 0 %o p]es J(( E E + o}v 03024} EuU pu]A] ~ [ P
2.c. Glutathion-S-transférase

La glutathion-S-transférase (GST) est une enzyme ubiquitaire intervenant dans la phase Il de
détoxication. Elle joue un rble majeur dans la détoxication cellulaire contre les molécules
endogénes, les xénobiotiques et les intermédiaires réactifs formés pendant leur
biotransformation (Doyen et al., 2005). La GST fixe les ligands et les rend plus hydrophiles, ce
qui favorise leur élimination. La GST est principalement cytosolique, mais elle peut également
étre retrouvée dans les microsoms /o A ]38 Zu]3 o ee<(alphf] nju,wpiGhéta,
sigma, zéta, beta et kappa) qui peuvent étre différenciées sur la base de leur spécificité de
substrat, leurs propriétés immunologiques et leur séquence protéique (Sheehan et al., 2001).
> PE v viu E []*}(}E&uU ¢ % Eu S o u $ }o]e §]}v [uv PE v
Parmi ces différentes classes, la classe pi (GSTpi) peut inactiver les produits issus de la
peroxydation lipidique, les hydroperoxydes lipidiques et leurs dérivés. La GSTpi est également

% o0 [Jv 3]A E |E Fialew FraupenzekittSH (Doyen et al., 2005).
Cette enzyme est classiquement utilisée comme biomarqueur de défense. De plus, elle ne
semble pas étre impactée par les facteurs abiotiques tels que la température, la saison, le sexe
}W o[ P ~s] o § oXU TiifeX > « SE ve E]S- "Nd%o] *}vS A %o E
glande digestive, les branchies et le systéme excréteur Chdluminea et chez la mulette
Unio tumidug(Doyen etal.fiifieX >[ 3]A]S% e 'Ad 8§ pPu v3§ Z1 « 1A ¢
a des Ce®NM (Garaud et al., 2015), Au NM (Pan et al., 2012), Ag NM (Buffet et al., 2014) et

e UK ED ~ pu(( 8§ 8§ oXU fdiite u]Je v[ % « S u} ]1(] o}E- [ £
(Buffet et al., 2012). Au niveau moléculaire, le nombre de transcrits de GSTpi a

considérablement diminué chéx polymorphaxposée a des Ce®M (Garaud et al., 2016).
2.d. Phosphatase acide

La phosphatase acide est une enzyme essentielle aux fonctions biologiques des organismes et
intervient dans la détoxication de xénobiotiques, mais également dans le métabolisme
énergétique, la régulation métabolique et la transduction de signaux. Elle est considérée
comme un marqueur de la détection des lysosomes dans la fraction cytosolique. Le suivi de
son activité donne des indications sur les interactions des NM avec les lysosomes (Katsumiti

et al., 2014).
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Le systtme MXR (« multixenobiotic resistance » ou résistance multi-xénobiotiques)
représente une défense de large échelle qui protége les organismes de toxiques endogénes
et exogenes (Epel et al., 2008). Ce systeme regroupe un ensemble de protéines de transport
membranaire, des ATPase de la famille ABC (« ATP binding cassette ») qui reconnaissent une
grande variété de xénobiotiques et qui permettent leur export hors de la cellule, agissant ainsi
comme premiere ligne de défense cellulaire. Du fait de ces capacités, les protéines MXR sont
considérées comme biomarqueurs de stress environnemental (Navarro et al., 2012). Certains
auteurs ont aussi démontré une inhibition possible de leur activité par le contaminant présent

v (}J&S5 }v VvSE S]}v ~: }vP § oXU 1ii6eX pE vS 8§ SZ « U \
génique de deux transporteurs MXR chézfluminea: la MRP1 (« multi drug associated
protein 1 » ou ABCC1) et la P-gp (P-glycoprotdgipe ieX Z pv [ VS&E 00 M
certaine spécificité de substrat comme démontré par Navarro et al. (2012)@iegsena
polymorpha La P-gp a une forte affinité pour les composés de petite taille, hydrophobes,
%0 V ]JE * 8 %}*]3]A uvs Z EP « 3 v ]e <pu DZWi }VSE] of
conjugués avec des xénobiotiques et autres biomolécules de phase Il (Bard, 2000 ; Jeong et
al., 2017).

2.f. Autophagie

>[ U8}%Z P] 38 UV % E} eepe E CoP oopo JE <«u] Jvs E/
cellule. Elle correspond a la dégradation par les lysosomes des constituants cellulaires
endommagés ou non-essentiels pour la cellule. Ainsi, elle permet de préserver la balance
entre la biogénése des organites, la synthése des protéines et leur recyclage. Cette voie est

P ouvs %0 O % E v E v Z EP ](( & vSe A v} ]}S]cu
processusde S} A] S]}vX >[ sk idude BUite a une exposition aux NM (Stern et
al., 2012). ll nous a sembbee ES]v vS§ *UH]AE pv 3§ PE Ju%o]<p ve O M
moléculaire : la protéine GABARAP (« gamma-aminobutyrate type A receptor-associated
protein ») (Zhang et al., 2014 ; Chen et al., 2013). Localisée au niveau de la membrane des
autophagosomes, elle est essentielle lors de leur maturation (Kabeya et al., 2004). La
maturation des autophagosomes est nécessaire a la dégradation des composés contenus dans
les vésicule X > % E}S Jv ' Z W v[ %o * % V VS % ¢ pv E€0 A c

%oh]e<u[ 0O ¢ u O P ouvsS Ju%o]«u ve o SE (] ]JvSE oc
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procédés tels que dans le processus de mort cellulaire programmée ou « apoptose » (Ma et
al., 2013). De ce fait, elle participe a la fois au métabolisme et a la défense des organismes
(Ma et al., 2013 ; Zhang et al., 2014).
3. Dommages cellulaires
>}Ee* [UV *SE ¢ S}AE]J<p U 0 }u%o}e e PVv E+* S 0¢° JvS E ¢
cellulaires peuvent mener a un certain nombre de dommages. Plusieurs types de dommages
}Jvd § eplAle }vs ES Jve ol Z oo 1} ZJul<p ~% E}AC 5]}
[ USE « p V]A p 0 SE ve E]%S]}V ~ %}%S}te « Juc)})E&E U V]
3.a. Peroxydation lipidique
Les membranes cellulaires sont principalement composées de phospholipides qui sont des
] 0 ¢ %}5 v38] 00 ¢ ¢ % o E S]A X >[ 85 «p e 0]%] * u u
E 3]A ¢ Jv]3] MV % E} nommg} £peroxyfiption lipidique ». Pendant ce
processus, les lipides sont oxydés et générent des hydroperoxydes (LOOH). Les LOOH se
décomposent en LO@t/ou en LO v % E * Vv [J}ve u 8 00]<p » ~A}JE <« 3]
formant ainsi des radicaux pouvatéo E}% P & 0 % E} esepe [}EC §]}v ~ oA
al., 2007).
LOOH + F& LOO+ H + Fé* (1)
LOOH + Fé £LO+ OH+ Fé* (2)
Le niveau de peroxydation lipidique est reconnu comme un bon indicateur de pollution
environnementale. Il peut néanmoins varier en fonction des parameétres environnementaux
(saison, cycle des marées) et en fonction des organes étudiés (Alves de Almeida et al., 2007).
3.b. Apoptose
>[ %0} % S}e U }p ulES OOHO |E % E}IPE uu U ¢S pv «Ce3S u X
au bon fonctionnement des organismes. Elle permet également de lutter contre les
A v} ]}8]<p e 8 0 ¢ ¢SE ¢ VA]JE}VV u v3 HEX > Ce(}v 8]}vv u
uv E Viu E pe cuo0 ]+ & v Ee Z1o0e*}EP vVv]eu » AJA v§e
tres régulé qui impligue de nombreuses interactions entre composants cellulaires et qui peut
1S E S]JA % E J(( & v3 » A}] *X > %o0u% ES u v o[ 3]A 8]
dont la derniere effectrice, la caspase-3, induit directement la dégrppat ol EU 0
*SEN SPE OOHO J]E S 0 %Z P} CS}e . E]eX >[ %}%S}e 0]

étre activée par des signaux externes (activation extrinseque) ou internes a la cellule
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(adivation intrinséque) qui vont engendrer difféxeS ¢ (E %o}ve X [UV % ESU - E
membranaires de la famille des facteurs de nécrose tumorale (TNF) permettent la détection
*]PV UE %}%3}8]<p s AES Eve Suvvd JE Suvd o §]A
*% ¢ X [HV u3E thee i@Eriseqo¢ pélttre déclenchée suite a différents
oSE ¢ Y ]V o] OOHMO ~%E} M S]}vV ZKAU }uu P - o[ E°
induite par voie mitochondriale. Une cascade de signalisation conduit a la perméabilisation de
la membrane mitochondriale. Ceci entraine le rejet de produit pro-apoptotique dans le

cytoplasme, tel que de Cytochrome C (Cyt C), et va en conséquence activer la cascade de

*% ¢ * UV VS 0 %}%38}e X p IuE- e« SE A UAEU o %0} %03}
ceoopo |E SE A E+ 0 u uE o[ 3]A]S e % e o i }u Of
u ucE O A% E e*]}V- PdV%dB s «wsSfitp vsS pv E€o0 0 ve O]

travers la régulation de la perméabilité membranaire des mitochondries (Bcl-2).

3.c. Génotoxicité

(JVIE o Vv]A u tuu P o ofl] E ~P v}S8}A] ]S ¢ [HUV el ¢S vV
déterminer le risque que celle] % S %o} EX ¢ }uu P+ o E ~ PE 53]}
couE - E]JveU upsS 5]}vepeuvent ajgivdds répercussions pathologiques

Ui PE « ~ v E+U A] Joo]es u v3YeX > % IieSmek dpgpénétreraEs Jve |
o[]vs E] pE p Vv}iC p ooupo |CE S Jve] 0S8 E & o[ E <u] C ¢
2013), provoquant des dommages directs. Les NM ont également la capacité de générer des
dommagesvia des interactions indirectes (production de ROS, ions, interactions avec les
protéines). Elles agissent aussi au niveau des protéines impliquées dans la réplication, la
transcri%oS]}v S 0o & % & S]}v of] E 8§ ve [ USE * %o E} e %o
(Peng et al., 2017). Le potentiel de génotoxicité a été déterminé durant cette these en utilisant
la méthode des cometes (comet assay ou single-cell gel electrophofesi®) [ P]S [upv
uszZ} @& o S]JA u vs «Ju%o 3 * ve] 0 <u] % Eu 3 < v8](] E
cellules individuelles. De nombreux NM présentent un potentiel génotoxique (Singh et al.,
2009; Magdolenova et al., 2013; Gomes et al., 2013 ; Auffan et al., 2009).

4. Métabolisme énergétique

v eV *SE +*U O[}EP Vv]eu «4d s8] pourritue[etvla@®oRderve sous

forme de réserves énergétiques. Ces réserves sont utilisées comme énergie basale allouée a

sa maintenance, sa croissancd ¢ & % &} p S]}vX v . *SE +*U O[}EP
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partie de son énergie pour se défendre. Ainsi, différents parametres énergétiques peuvent
ISE pS]o]e ¢ }tuu  Jlu <y pE- [ (( 8- % }toopu vS8e ~D}luv CE
testés sur nos organismes modeles.
4.a. Triglycérides

> ¢« SCEJPOC &] ¢ }vesS]Su vS pv }ucE [ vV EP] %}pE o « ]A
0°* % CE]} « [ }v v VIMEE]SHE (1v % }UA}E 'SE u}
fonctions essentielles lorsque la nourriture se met a manquer. lls peuvent également étre
pslo]e ¢ }luu <}upcE [ v EP] o}E- o0 P uS}P v elaW Ev S

Julvus]tv o }v vSE S]}v v SE]PoGC &] * % ps &E (o S & o -
de puiser dans leurs réserves énergétiques.

0X X "Ce*S u SE Ve }ES [ 0 SE}ve

> eCeS U SE ved}ES [ o Eedrdm Trangport BysiefE »hse trouve dans
la membrane interne de la mitochondrie. Dans ce systéeme, les électrons passent par une série
de déshydrogénases et deC3} ZE}u « A E+ %0 S pAEee quiperd€E }ve ~K

Pv & & o[ dW }uu <}pCE [ v EP]; Martinez-Garctga ebpd.JU i0601

2009)X > u *u@E [ d"N % Eu 8§ [ *3]u E o[ $§]A]3 odficedriE 3} E
fonction de parameétres environnementaux (nourriture, température, pH, hypoxie) et

J}o}Plcpu ¢ ~E % E} p S1}vU % oX >[ A% }*]S]}v e u s pukE -~
NM engendre une réduction de cette activité (Freitas et al., 2018), qui a été interprétée
comme une diminution du métabolisme énergétique en lien avec une réduction de la filtration

voire a une fermeture des valves (Freitas et al., 2018).

Au niveau moléculaire, nous avons me€E o[ A% E ¢*]J}v 4 CS X (¢ams pv Z u

O M <H] %o ES] % Y SCE ve( S [ 0 SE}ve VSE o0 }u%o A |
SE Ve}ES [ 0o SE}ve u]JS} Z}v E] o X VvV %oOpe % ES] |% E

A}]E pv E€0 o Ve 0 %o} %0d YoieXapogtoti§lid mitppkondriae se fait

par passage du cytochrome C a travers les pores de la mitochondrie vers le cytosol, ce qui

1A o . *% * ¢ <p] u v v8 O %}%3}e ~ Z v § oXU Ti
4.c. Lactate déshydrogénase
La lactate déshydrogénase (LDH) est une enzyme présente dans tous les tissus. Elle intervient

dans le métabolisme anaérobie et permet la conversion réversible du pyruvate en lactate en

Y [JAECP v X ]Jve]U ¢}v §]A]S8 3 JvVA E+ u v E 0] 0
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pour difféerents organismes aquatiques. Elle peut également traduire une perturbation du
meétabolisme suite a une contamination, comme cela a été démontré par Diamantino et al.
(2001) cheDaphnia magnaxposée a du zinc.
5. Osmoreégulation
>[ E%}*]S]}v e /£ v} ]}S]<H ¢ %o US %o ESUE & O[}*u}E& Ppo §
structurauxdanso ¢« }E&P v ¢« & v Z] pE }p £ E S PE-U }u *pn]s e u
%o E}S Jve uu EvV I]E - Z v P/I-ATPagé), ve fluk ioniques et de

permeéabilité de surface (Felten et al., 2008). Ainsi, hous avons suivi au niveau moléculaire la
transcription de laNgdK* dW X [ ¢S pv % E}S Jv uu E v JE <u] i}y MV

Ve 0 u ]Jvs8] v O[Z}u }eS ¢] oopgo JE X oadliséeedans lev VvS g
SE VoK }ES e Jlve oopo JE ¢« Vv % Eu SS vs) di ndlieuP [J}ve
intracellulaire avec des ions potassium®)(Klu milieu extracellulaire. La salinité peut
considérablement impacter son activité (Piermarini et Evans, 2000) ainsi que certains métaux,
comme le cadmium (Felten et al., 2008), le cuivre (Shaw et al., 2012 ; Grosell et al., 2002) et
of] EP v8 ~'E}s 00 5§ oXW4tiiTeX > uBE Iuw ]JvzZ] vs o[ §]A
cette protéine et conduit a un déreglenv § o[Z}u } S efdanglacellule (Handy et

oXU TiiieX >[ A% }*]S5]}v %0}]ee}ve e uK ED P ouvs }v(]
ED Jvz] & o[ /KJAA E u]e o u Vv]eu < [}*u}E Ppo 3]}v -
dépendants de la forme (Bu}p pK EDe § o[ * %o -MBtodteal., 2016. Au
niveau moléculaire, la transcription de W& ATPase a été fortement diminuée dans les
branchies déM. edulis A& %o} e UK ED S v ]* <pu[pv S v Vv o[ uPu \
mise en évidence au niveau des hémocytes (Chatel et al., 2018).

6. Marqueurs physiologiques et comportementaux

6.a.Enfouissement des organismes

Les modifications du comportement peuvent étre des indicateurs de stress environnemental

et affecter la survie des organismes. Outre le niveau individuel, la modification du
comportement peut également affecter la population, et ainsi la fonction des organismes au

e Jv o[ }*Ce3 u X >[uv ¢ U E<p HE* ¢« 0 S]IVV ¢ %}uE p]AC
individus est leur comportemefi [ v(}p]ee u v3X Z 1 o ¢ JA oA «U o[ v(}u]ee
réduire leur exposition face aux prédateurs. Ce comportement peut étre affecté a la fois par

la taille des organismes, par des parametres environnementaux (température, salinité, taille
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desgraine * JuvS Ye S % E 0 %E Vv }VniarpvTrgiiet ZJu]«<p
2009; Sassa et al., 2011 et références citééds). v3isS uu vS8 S (( S o}Ee [ A%}
des métaux (Bonnard et al., 2009) et a des NM métalliques (Buffet et al., 2041 ,P@n et
al., 2012). Il est généralement réduit en présence de ces contaminants, ce qui rend les
organismes plus vulnérables a la prédation.
6.b. Taux de filtration

> u *uE s puA (JoS3E 3]}V % Eu & [ A}JE pv rgeppr §]}v e
les organismes. La capacité des bivalves a bioaccumuler fortement de nombreux

}vS ulv v8e % WS o] EA%O0]<u E % E S5 R&Hiltvation ddomilleu (JoS«
par les bivalves est dépendante de la taille de particules, avec les particules les plus grandes
qui sont filtrées plus rapidement que les petites. Ceci a également été validé a la taille
nanomeétrique (Hull et al., 2011 ; Ward et Kach, 200®).fluminea est sensible a la
contamination en cuivre ionique en cessant de filtrer l¢o]l B ¢ 0} Ee <u[ o0 S A& %o}
ug C@E'Y/L (Castro et al., 2018). La contamination aux NM a pu aussi induire une diminution du

taux de filtration chez les bivalves (Buffet et al., 2011; Bertrand, 2016).

6.c. Etat général de santé des organismes
> [état de santé général des organismes peut étre défini a partir du calcul de leur indice de
condition. Leur exposition adegvs u]v vSe % S uv E o[usS]o]e §]}v [ v E
a la détoxication et réduire les réserves initialement utilisées pour la croissance (Nicholson &
Lam, 2005). En conséquence, la valeur de cet indice est amenée a baisser dans des conditions
stressantes. Il existe de nombreuses facons de la calculer. Dans cette thése, il est calculé en

faisant le ratio du poids sec des tissugpe [HVv Jv JA] U % E E %%} ES *}v %o

. . N : bg gca;
- ?2 A A O g i
comme le démontre la formule ci apres J@E~" @ @@W@ag T ..§(I‘l’ 5 -
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D. Modeles biologiques

Les bivalves sontdesespes 0 ¢ % }UE 0 <p]A] [V % }oop3]}v «<u 8]l<p
oXU TiiA*X >[ pupo S]}v ED 0 °*HCE( H e Juvs o E vV |

organismes benthiques. Les bivalves endobenthiques semblent donc particulierement a

risque danso E [uv  }vS u]v S]}v puAE EDX > HMAE }EP v]eu -

cette these font partie de ces espéeces. Ce sont des bivalves endobenthiques retrouvés dans

les eaux douce( flumined et dans les eaux marineS.(pland qui ont la capacité dees

nourrir alafoisvia o[ p gaeédiment. Une description plus détaillée de leur physiologie

et mode de vie est donnée ci-apres.
1. Physiologie des bivalves

> ¢ UAE % ¢ SH] ¢ (}vS % ES] O O °° « JA dléd <X }uu
sont constitués de deux valves qui sont majoritairement composées de carbonate de calcium
(CaCe@). Elles sont recouvertes par du périostracum qui procure la couleur a la coquille et qui
% EuU S 0 %E&}S P & o] ]**}opus]}vrgamsmenest coptdEu a] <X >|
o[]vs E] n&E 0 }<ploo § (}E&uU pv }E %omassenisceraddotao P o u

figure 16 représente les tissus observables suite a une coupe longitudinale de bivalve.

Figure 16 : Coupe longitudinale de bivalve (Vidal, 2001).
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Differents muscles sont accrochés aux valves dont les muscles adducteurs (antérieur et
postérieur) qui permettent leur fermeture. Le pied est aussi un muscle, il permet

o[ v(}u]ees u v3 O[}EP v]eu ve 0 ¢ Ju v3X > intemddgs E JHAC
A 0A X /0o % Eu § ulvs v]E o[ ve u o e S]eepe Ve 0 % ES]
également responsable de la formation de la coquille. Il se termine en partie post-latérale par

deux siphons (inhalant et exhalant) qui permettent les échanges avec le milieu
environnement. Les siphons possédent des cils sensoriels qui sont sensibles aux variations du

milieu environnant.

Les branchies (cténidies) sont repliées au niveau du manteau et sont formées de deux
hémibranchies. Celles-ci sont constituées de filaments branchiaux sur lesquels se trouvent des
]JoeU E *%}ve 0 ° o[ 3]A13 A v3]o 3}]E «<u] % Eu § u SSE
Al E v Z] o X >[ B VSE % E 0 *]%Z}v ]vZ 0 v3&il&o *+ %o C(
branchie. La branchie est a la fois responsable de la nutrition en piégeant les particules
oJu vS JE ¢ ~%ZCS}%o0 v S}vU S E] U us] E }EP v]<u Yo &
e« ZVP «eP Il puZE A o0 ulo]l p ~1((pne]}v o[} ECP v A E« o0 -
est ensuite expulsée via *]% Z}v AEZ 0 VEX > o % ES] po * A Z] po * %o
la branchie et emmenées par les cils vers la glande digestive pour étre digérées. Cette
sélection, qui a lieu au niveau des palpes]lau £U [ (( Spu *pE o . % E u SC
la taille ou la densité de particules. Pdtirflumineala filtration atteint une efficacité de 100
% pour des particules entre 4 et 20 um (Way et al 1990) tandis queSqanao [} % S]upu
de filtration est atteint pour des particules de 4 a 40 um (Hughes, 1969). Les particules qui
sont ingérées passent dans la glande digestive. Le contenu y sera trié et décomposé
mécaniquement. Puis, si la nourriture est acceptable, elle sera emmenée dans les diverticules
digestifs pour étre digérée et absorbée. De nombreuses enzymes sont présentes dans cet
organe pour participer a la digestion. Les déchets du catabolisme ainsi que le contenu non
]JP @ o A}vS % e+ E ]JE 3 u vsd ve 0[]vs mestinXe Ba@ELr %o o P
est rejeté sous forme de matiére fécalea le siphon exhalant. Le contenu non retenu
provenant de la cavité du manteau est rejet@le siphon exhalant sous forme de pseudo-
feces. Certains bivalves sont également capables de se @Burrv JvP E vS Ht ¢ Ju vS O]

de leur pied.
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3.d. Repoduction

S. plana ¢S pv * %o Plv} Z}E]«p }vs 0o« P usS e o}vs E i S -

fécondation et le développement embryonnaire et larvaire ont lieu. Les facteurs

environnemevsS pA S 0 <g 0 S U% & SHE U o ve}o Joo u vS § ¢

influencent le déclenchement de la maturation des gamétes et de la ponte (Santos et al.,

2011). La maturité sexuelle est atteinte a partir de 2 ou 3 ans selon les conditions du milieu et
JEE %o}V uv § Joo }culoo [ VA]E}v i uX > viu E %

varie en fonction de la localisation, avec en général une seule période de reproduction pour

les zones les plus au nord, tandis que deux périodes sont plutbt répertoriées dans les zones

0 ¢ %Ophe WM *up X VE&E V U 0 %}vS o % E} uls u ] ip]Joo 8§

sexuel de novembre a janvier (Mouneyrac et al., 2008).
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Chaptre Il :

Evaluation du devenir et des effets des CadM
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Ce Z%]|SE S5 }ve & o[ Su H A V]E § dedio§dede v viu 3
cérium (Ce@NM) chez le bivalve endobenthique vivant dans les eaux do@dhi(ninea) et

est présenté en deux parties correspondant a deux expérimentations distinctes.

Etant donné leur utilisation massive dans de nombreux secteurs, lesND@@bnt partie des

}Jv3 u]v v8e 33 v pue v <p v3]3 <]PVv](] 3]1A ve o[ VA]E}vvV u
effets sur le vivant sont encore peu connust  }ve <y v U odtiotEde Goppération
et de Développement Economique (OCDE) les a classé sur la I¢é pigoritaires a étudier

(1v § Eul]v E 0+ EJecu s V JUEU*s %}uE olles}études 3 0Z v/
réalisées sur la toxicité des GeldM affichent des résultats contradictoires qui peuvent étre
o] o PE v JA E-]8 ED p3]o]e X (Jv [ pPu v & o }u%o
laboratoires et projets de recherche, le JRC (Joint Research Center) met a disposition des NM

de référence dont les propriétés physico-chimiques ont été caractérisées.

Dans la premiére partie de ce chapitre, les effets de-@Q&®D de référence fournis par le JRC

(NM 212) ont été déterminés aux niveaux cellulaire et moléculaire Chémmineaexposée

en microcosmes sur du court termed( i}pEe**X o0}E&e <u Of}v ]S HI}uE |
concentration utilisée influence les propriétés physico-chimiques des NM et donc leurs effets

‘uE o AJA viU viu E p&E SE A p&E pslo]e vs v }E e }v Vi

mg/L. Pour se rapprocher au mieux des conditions environnementales, nous avons utilisé dans

v}iSE Su e }v VSE S]}ve %E} Z - 00 * % E ]S ¢ %}IUE C
~}JE E 4 RPI>e u Je % Eu S5 vS v vu}]ve o HE «p wstigl S]}v
8 E 3§ E]- SE A E+s « }e P o EJuu  ve 0 }o}vv

organismes. Les effets ont été évalués au niveau cellulaire a travers la mesure de
biomarqueurs impliqués dans les réponses antioxydantes et antitoxiques, les réserves et le
métabolisme énergétique et les dommages cellulaires. Les effets ont également été

§ Eu]v e pvVv]A pulo po |E SE A &+ o[ A op 8]}v « (( 8
ont été interprétés o[ Z oo H u E<«p pdais] §gdlérhepvia une approche
Jvd PE 3]A % Eu 33 v3 [ A}JE pv Ale]}v Po} o o (( 8eX >]
partie a été publié dans le journal Aquatic toxicology en 2018 (Koehlé-Divo et al., 2018).
Dans la seconde partie de ce chapite] %o %0 E }éclaite}gar RT-gPCR a été utilisée afin

[ A op E o+ (( 3NM surC.KlumineaX 38 %% E} Z % Eu 5 [ %o %o

connaissances sur des réponses qui sont actuellement peu étudiées en écotoxicologie malgré
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leur précocité et leur sensibilité. Pour cette étude, nous avons choisi des dispositifs
% EJu vsS pAk SC% U <} }eu (Jv [Jvs PE E 4 u] p&E o ]
VA]JE}vv uvd o« E 00 * ~]vd E §]}ve O[}EP v]eu | « ED A
la nourriture), et ce, suru uE [ £%}*]8]}v & o 8]A u vs8 o}vPu ~10 i}
ont également intégré le parametre salinité. En effet, le rejet de NM dans les eaux douces
peut conduire a leur transport vers les eaux marines. Sachant que la salinité aura une grande
influence sur les propriétés physic&Z Ju]<u e s EDU ]JOo %% & ]5 =<+ vs] 0
effets dans les deux types de milieux, en prenant en compte ce facteur. Parmi les NM étudiés,
o+ ED & (& v pS]o]s » 0} E- o[ &£ % EQgnnés. PoEgagnevs }vs
en réalisme, différentes formes de Ce®M rencontrées au cours de leur cycle de vie ont
également été utilisées en exposaBt fluminea e ED Jeepe [pVv 135]¢( E
~ VA]JE}AEijs A vE § % E « }u pe3]}satighvie prathbool@exppvimesthd |
consistait en une exposition sur 28 jowia des pulses de contamination a raison de 90 pg
CeQ/L par pulse, ce qui mime un rejet périodique de contaminant. Les branchies des
organismes ont été prélevées apres 7, 14 et 21 jours tandis que la glande digestive et les
branchies ont été prélevées au temps final (28 jours). La démarche adoptée a permis
[ %0 %} ES & e }vv ]Jee v e v}v e po u vsS euE& o0 ¢ E %}ve ¢ Uu}O
faisant face a différents NM, a la salinité et aux effets croisés des NM et de la salinité, mais
Pouvs epyE o+ JAEP V - % E}(]Jo [ A% E o]}V P v e \
glande digestive). La présente étude est complémentaire a une étude précédemment réalisée
dans la cadre de la thése de Carole Bertrand (2066 +U ve 0 <p 00 o[ A op 3]}v n
« ED Jve] <p o[ A op 3]}v 0o HE-+ (( & -« VIA p&E [}E
*U%o E] HME* }vS S E o] X >[ ES] 0 % E& * vS§ vanal S % E

Environmental Science and Pollution Research en 2019 (Koehlé-Divo et al., 2019).
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Patie 1:

Genotoxicity and physiological effects of Ce@Ps on a

freshwater bivalve Corbicula flumined
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ABSTRACT

The rapid development of nanotechnology and the increased use of nanomaterials in products used in everyday
life have raised the question of the potential release of nanopatrticles into the aquatic environment. Their fate and

e ects in natural ecosystems are not currently well understood but harmful e ects of nanoparticles have been
demonstrated at low concentrations on some freshwater and marine species. Cerium dioxide nanoparticles (CeQ
NPs) are produced in large quantities and used in products in many di erent elds, such as automotives or
optics. Because of their widespread use in daily products, CeQ@ NPs are included in the OECD priority list of
manufactured nanomaterials for human and environmental assessment. Indeed some studies have been con-
ducted to assay various enzymatic biomarkers, which showed the CeQ NPs potential to modify anti-oxidative
defenses and cellular membrane stability. Nevertheless, only a few studies were performed on their genotoxic
potential. The aim of this work was to evaluate the genotoxic and physiological e ects of CeQ NPs on a
widespread freshwater bivalve Corbicula umineaby using comet assay and a multi-enzymatic biomarker ap-
proach. Exposure to two CeQ, NP concentrations during a short term experiment (6 days) was set up. The rst
one (10 g/L) was chosen in order to work with low but measurable concentrations whereas the second one was
ten times higher (100 g CeQ, NPs/L). DNA damage was signi cantly more pronounced compared with control
for both concentrations tested as early as two days of exposure and seemed to increase with time. Some enzy-
matic biomarkers of anti-oxidative defenses (total antioxidant capacity, catalase activity), anti-toxic mechanisms
(glutathione-S-transferase activity, caspase-3 activity) or metabolism (lactate dehydrogenase activity) tended to
increase after 6 days of exposure but only the induction of caspase pathway and DNA damages appeared sig-
ni cant for exposed organisms. In this study, time and concentration e ects of CeQ NPs were highlighted by
coupling genotoxic and cellular biomarker assessments.

1. Introduction

NPs, their synthesisand use in the last two decades has led to an in-
creasing diversity of existing ENMs included in daily life products. The

Production and use of engineered nanomaterials (ENMs) have been
signi cantly growing for several decades because of their unique and
hopeful properties that allow their use in very diverse areas such as
industry, energy, agriculture, medicine and the environment.
Nanoparticles (NPs) are part of ENMs and their behavior depends on
properties related to the NPs themselves such as size, surface properties,
synthesis method and initial concentration. Nevertheless external en-
vironment has a key role on their behavior and can highly modify it by
a single parameter change such as pH, temperature, turbidity, ionic
strength or presence of other components like natural organic matter
(NOMm) ( ; ;

; ). Because of multiple properties of

environment and human beings are nowadays exposed to unknown
amount of various ENMs for which e ects cannot be predicted by
classical ecotoxicological tests performed on corresponding macro-
scopic size material. Furthermore, no analytical method is currently

available to quantify ENM concentrations in the natural environment

due to the complexity of such matrices. Most information about en-

vironmental concentration is then estimated by modeling (

). Thereby, fate, transformations and e ects of nanomater-
ials into environment are poorly known and more studies are essential
to assess their environmental repercussion.

Cerium dioxide nanoparticles (CeO, NPs) are among the most pro-
duced nanoparticles in the world, at the rate of 10,000 tons/year (
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). They are used for commercial applications in several elds
such aselectronic and optic, painting or catalysis. These uses lead in-
evitably to both direct and indirect release of nanoparticles in the en-
vironment and ultimately in the aquatic compartment (

), which may lead to hazards to humans and the environment.
That's the reason why cerium dioxide nanoparticles are among the NPs
selected for priority testing by the Organization for Economic Co-op-
eration and Development (OECD). Cerium (Ce) is one of the most
abundant rare earth element and European median stream water con-
centration is about 55ng/L ( ). CeO, NP
concentrations in natural waters are nevertheless only estimated by
modeling studies because of the di culty of assessing measurements in
this complex media. Few studies were conducted in order to model the
potential environmental concentration of CeO , NPs in water but they
indicate values in the range of ng/L- g/L ( ;

; ). Even if current
aquatic concentrations are estimated to be very low, present or future
e ects should not be neglected considering their increasing in-
corporation in industrial and commercial products but also their
emerging applications in biomedical elds.

In most studies, assessment of NM toxicity was conducted at en-
vironmentally unrealistic concentrations of exposure and with standard
ecotoxicological tests that are not always representative of the en-
vironmental matrix considered. Furthermore, several studies showed
that standardized tests are not fully adapted to NMs exposures because
of multiple interactions with assay components or detection systems
( ). Agquatic compartment is frequently
characterized asthe ultimate sink of contamination, however little data
is available about the e ects of CeQ NPs on non-standardized organ-
isms, like widespread lter-feeder bivalves, that are considered as re-
levant test organlsms for nanoparticle toxicity ( ;

; ). Toxicity tests using bivalves in
order to assess ENM toxicity were mainly conducted with marine spe-
cies, therefore data for freshwater species is scarce { ).
Contradicting results have been obtained for CeG NPs that may lead
either to damaging, scavenging or no apparent e ects ( ;

; ). ROS
overproduction is one of the most discussed toxic e ect of NPs. This
overproduction can lead to the activation of anti-oxidative enzymes,
like SOD, CAT and GPx, or genotoxic e ects. Assessment of such en-
zymes, antitoxic enzymes and tness biomarkers is useful to understand
NP e ects and side e ects at biochemical level ( ).
Moreover, genotoxicity assessment of NPs is recommended by OECD for
regulatory purposes asking more data for risk assessment
( ; ). The concern about potential gen-
otoxicity is reinforced by studies revealing genotoxu: e ects of CeQ
NPs in human cell lines ( ; ).
This also raises the question about genotoxicity of NPs in aquatic eco-
systems, for which, as usual, data are lacking ( ). In bi-
valves, studies of DNA damages induced by chemicals are frequently
performed by the alkaline comet assay, using hemocytes or gill cells
( ). It permits the measurement of DNA strand breaks
in individual eukaryotic cells and di erent injuries on DNA depending
on the pH used during lysis and electrophoresis (

; ; ; )
However, since the digestive gland is the main organ for ENM accu-
mulation in bivalve mollusks ( ; ),
DNA damage assessment in this organ is particularly relevant. In-
tegrative vision of NP e ects coupling di erent scales of organization
should be a good way to understand their potential toxicity. Thus,
monitoring both genotoxicity and other cellular responses to stress
should allow a broad and complementary view of NP e ects.

The aim of this work was to study the potential impacts of CeO , NPs
on non-target aquatic organisms like bivalves, known as e cient
bioaccumulators of contaminants. Therefore, we selected a widespread
freshwater sediment-dwelling bivalve Corbicula umineato achieve this
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goal. In order to perform a more realistic exposure while staying in a
guanti able range of concentrations, concentrations representative of
10-100 times (10-100 g/L) the maximal Predicted Environmental
Concentration (PEC) values were employed (

). A short-term exposure was carried out for 6 days and genotoxic
e ects were followed at 2 and 6 days and coupled with a multi-bio-
marker approach at biochemical and physiological scales. The alkaline
comet assay was performed to detect DNA damage, and a battery of
biomarkers involved in response to oxidative stress, detoxi cation,
cellular damages and energy metabolism was used to determine bio-
chemical and physiological e ects. A Partial Least Square Discriminant
Analysis (PLS-DA) was employed to elicit an integrative vision of re-
sponses of control and exposed organisms according to NPs con-
centration and exposure time.

2. Materials and methods
2.1. Chemicals

Cerium dioxide uncoated nanomaterials (CeO,; NM-212) of
20-25nm in diameter were provided as powder from the Joint
Research Center (JRC) Institute (Ref: CeO2- JRCNM02102a003903).
Observations made using Dynamic Light Scattering were in accordance
to those reported by the JRC. They were monodispersed in ultra-pure
water and had a mean size of 225.4 + 92.47 nm. A stock suspension of
1 g/L was prepared in deionized water in accordance with the guideline
described by the JRC Science and Policy Report { ). An
intermediate solution of 100 mg/L was prepared in deionized water
from the stock suspension and used to inoculate media of bivalve ex-
posure (arti cial water) in order to have 0, 10 and 100 g CeQ, NPs/L.
Nanoparticle solutions were sonicated in ice for 20 s at 90% amplitude
before use.

Arti cial seawater was made using Tropic Marine® sea salt
(Tropicarium Buchshlag Dreieich Germany) to allow reproduction of
medium for all experiments ( ). All other che-
micals were purchased from Sigma Aldrich (Chemical Co, St Louis, MO)
and Thermo-Scienti ¢ (Waltham, Massachusetts).

2.2. Collection of clams and acclimation to the laboratory

Freshwater clams Corbicula uminea (2 cm length) were hand-col-
lected (Moselle, Metz, France) in May 2015, transported to the la-
boratory and acclimated in a temperate room progressively for 10 days
by gradually increasing the arti cial water percentage from 0 to 100%.
Arti cial water was made using commercial salt (TropicMarin ® and
adjusted to 2.9 £ 0.06 PSU. Forty-three clams were placed in 5L of
arti cial water with bubbler and glass beads. Temperature was
17.5 £ 0.4°C with a 16:8 (day:night) photoperiod for the entire ac-
climation period.

2.3. Exposure design

The experiment was conducted in arti cial water for 6 days.
Temperature was kept at 15.4 + 1.3°C. A 16:8 (day:night) photo-
period was applied. No renewal of water was carried out and no oxy-
genation was ensured during the experiment in order to avoid inter-
ference with nanoparticles. Temperature, conductivity, O , and pH were
measured a few centimeters under the surface at each sampling date
with ODEON® probes (Kit Ponsel Odéon open X with PHEHT, C4E and
ODOT probes). Fourteen organisms were exposed per treatment. Water
was sampled for [Ce] whereas organisms were sampled for [Ce], gen-
otoxic and physiological responses analysis after 0, 2 and 6 days of
exposure.
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2.4. Water and digestive gland Ce concentrations

Total water [Ce] (in g/L) was measured by ICP-MS Agilent 7700
(Micropolluants Technologies SA, Saint-Julien-lés-Metz, France) after 0,
2 and 6 days of exposure. Bioaccumulation of Ce was measured in the
digestive gland (DG) of three clams per treatment after a 24 h de-
puration time in clean arti cial water. Tissues were dry weighed. Then
1 mL HNO;z 32.5% was added to dry tissues and left in the oven during
72 h at 65 °C. Finally 4 mL MilliQ water was added to each sample and
[Ce] was measured by ICP-MS. [Cebg was expressed in g Ce/g dry
weight ( g/g dw).

2.5. Digestive gland dissection and homogenate preparation

After removal of the shell, the digestive gland (DG) of 14 clams per
treatment were excised, frozen in liquid nitrogen and stored at 80 °C
until analysis. Whole gland of 6 clams per treatment were used for
comet assay while 3 glands were used for Ce bioaccumulation mea-
surements (see 2.4.). The 5 remaining digestive glands were then
treated as described in for cellular
biomarker measurement. Digestive gland were defrosted, weighed and
crushed at 4°C in a 50 mM phosphate bu er (pH 7.6) supplemented
with 1 mM phenylmethylsulfonyl  uoride (PMSF) and 1 mM L-serine
borate mixture as protease inhibitor at a 8/1 vol/weight ratio. The
mixture was then centrifuged for 5min at 4°C at 250 x g and each
supernatant was divided in two parts: one was used for the assays of
total protein, LOOH content, ACP and ETS activity, while the other part
was centrifuged 1000xg for 20min at 4°C. The supernatant was
collected and a second 50min centrifugation was performed at
20,000 x g at 4°C. The nal supernatant, corresponding to the cyto-
solic fraction, was used for enzyme activity.

2.6. Biomarker measurements

2.6.1. Biochemical and physiological biomarker assessment

Biomarker analysis was performed on the automated spectro-
photometer analyser (Konelab 20 XTi, Thermo Scienti c) using proto-
cols described in and adapted for C. umineaby

. Total protein content ([prot]), lipid hydroper-

oxide concentration ([LOOH]), acid phosphatase activities (ACP) and
mitochondrial electron transport system (ETS) activity were measured
using the whole homogenate, whereas total protein content, total an-
tioxidant capacity (TAC), total glutathione peroxidase (GPx), glu-
tathione-S-transferase (GST) and lactate dehydrogenase (LDH) activity,
and caspase-3 activity (Casp-3) were measured in cytosolic fractions.
Catalase activity (CAT) was measured spectrophotometrically ac-
cording to and

2.6.2. Cometassay— DNA damage assessment

The comet assay was performed under alkaline conditions adapted
from for C. umineaDG cells. Cellular suspension
from DG was obtained by mixing small pieces of DG with 1.5mL 0.01 M
phosphate-bu ered saline solution (PBS) under agitation for 5min at
room temperature and centrifuged for 1 min at 23x g. The resulting
supernatant was centrifuged for 7 min at 50 x g; the resulting super-
natant was centrifuged for 7 min at 100 x g. The resulting pellet was
then suspended with 200 L 0.01 M PBS. Viability of digestive gland
cells was microscopically checked using trypan blue (0.5%: W/V) dye
exclusion test for each treatments before conducting the comet assay.
According to , the test can be performed when cell
viability is equal or more than 80% as in all our experiments.

Slides were prepared in duplicate for each sample. Microscope slides
were pre-coated with a rst layer composed by 90 L Normal Melting
Point Agarose (NMPA, 0.8% diluted in 0.01 M PBS) and were allowed to
dry for 7 days. Then, 80 L of a mixture of cell suspension and 1% Low-
Melting Point Agarose (LMPA) (v/v ratio) were transferred onto slides
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to compose the second layer. A third layer composed of 75 L 0.5%
LMPA was formed. The slide was nally given 10 min at 4°C for
polymerization. The cells were then lysed for 1 h at 4 °C in lysing so-
lution (2.5M NaCl, 100mM Na ,EDTA, 100mM Tris pH 10, 1% N-
laurylsarcosinate, 1% Triton X-100, 10% DMSO). Then, slides were
placed in an electrophoresis unit for 20 min in the electrophoretic so-
lution (300 MM NaOH, 10 MM Na ,EDTA, pH > 13) in order to induce
DNA denaturation. Electrophoresis was thereafter performed for 20 min
at 300mA and 20Vcm ! in the same electrophoretic solution.
Afterwards, slides were removed from the electrophoresis bath and
keep to dry 10 min before being submerged twice for 10 min in a por-
celain tank containing neutralization solution (0.4 M Tris-HCI, pH 7.5)
followed by a 5 min submersion in 95% ethanol porcelain tank and then
let to dry 10 mins. Slides were stained with 40 L of 30 gmL ? ethi-
dium bromide before analysis and then observed using an epi-

uorescence microscope (BX60; Olympus) linked to an image analysis
system (Comet Assay IV Image analysis system, PI, UK). Cells were
blindly analyzed at the central part of each slide. A hundred cells per
slide were scored out of a total of 200 cells per clams. The percentage of
DNA in comet tail was chosen to express DNA damage. Arbitrary classes
of DNA damage were made to present the distribution of cells as a
function of the tail DNA percentage: 0-20%, 20-40%, 40-60%,
60-80%, 80-100%. The tail length was selected to complete the in-
tegrative model using all biochemical and physiological biomarkers
with genotoxicity data. The tail length was also measured on organisms
directly after sampling in the river.

2.7. Statistical analysis

Data were collected and treated using R ( ).
Homoscedasticity and normality were checked for each test by using
Levene and Shapiro-Wilk tests respectively. When the conditions were
con rmed, a one-way ANOVA was performed in order to compare time
e ect on non-exposed organisms and two-way ANOVA was performed
to compare experimental groups with a threshold of p  0.05 con-
sidered as signi cant. Post-hoc Tukey HSD tests were done to verify
di erences between pairs of values. Nonparametric data were analyzed
using Kruskal-Wallis test.

2.8. PLS-DA

A Partial Least Square Discriminant Analysis (PLS-DA) was per-
formed in order to obtain a global description of the relationships
among the whole battery of biomarkers, comet tail length and the
di erent treatments over time. A representation of exposure conditions
was made on a factorial plane while only variables with VIP > 0.8
(Variables of Importance in the Projection) were plotted on a correla-
tion circle in order to focus on important biomarkers. Finally, Hotelling
T2 tests with a Benjamini and Hochberg risk correction (

) were performed between exposure conditions to as-
sess thee ect of the two studied factors.

3. Results
3.1. Ce concentration in the water column

Due to the low dissolution of CeO, NPs ( ), the
majority of measured Ce should come from NPs and so, total [Ce] were
measured. [Ce] in the control sample was under the quanti cation limit
(0.5 g/L) at each date. At the beginning of the exposure,
05+04 g/lLand7.2 £ 6.7 g/L were retrieved in the water column
for 10 g CeG, NPs/L and 100 g CeQ, NPs/L respectively ( ).
After 2 and 6 days of exposure, the nominal concentration for the group
10 g CeO, NPs/L was under the quanti cation limit. Ce concentration
decreased in the 100 g CeG; NPs/L media between the beginning and
2days of exposure and reached 2.7 + 1.3 g/L. All treatments
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Fig. 1. Total [Ce]in the water column after introduction (Day 0) and after 2 and 6 days of
exposure to nCeGQ NPs at 0, 10 and 100 g/L.

remained relatively stable between 2 and 6 days for all exposure con-
centrations.

Other parameters such as temperature, pH, salinity or redox po-
tential (Table S1) were very similar among all treatments suggesting
that the only di erence between exposures was Ce©NPs injection.

3.2. Ce bioaccumulation in digestive gland

At the beginning of the experiment, control mussels had mean Ce
concentrations of 0.21 + 0.16 g/g dw ( ). After 2days of ex-
posure, clams reached mean values of 0.14 + 0.07, 0.2 + 0.08 and
0.46 £ 0.46 g Ce/g dw for 0, 10 and 100 g CeQJ/L exposure re-
spectively. After 6days of exposure, means internal concentrations
were 0.19 + 0.10, 0.16 + 0.02 and 0.23 + 0.08 g Cel/g dw for 0, 10
and 100 g CeQ,/L exposure respectively. Results showed no signi cant
di erences in Ce bioaccumulation under CeQ NP exposure (Kruskal-
Wallis test, p=0.5388).

3.3. Comet assay (Determination of DNA strand breaks)

Signi cant di erences in the percentage of DNA in comet tails
( ) and in tail length ( ) were observed after 2 and 6 days of
exposure in exposedgroups compared to control ones. shows that
control organisms presented a similar pro le throughout the time with
96 + 1% of cells displaying 0 —40% DNA in tail and 4 + 1% presented
40-60%. Organisms exposed to 10 g CeO, NPs/L presented 75% of
cells containing 0—40% tail DNA and 25% with more than 40% tail DNA
at day two. At day six, the proportion of cells containing more than 40%
tail DNA increased whereas those containing 0-20% tail DNA dis-
appeared. The 100 g CeQ, NPs/L treatment led to an absence of cells
containing 0-20% DNA in tail as early as two days of exposure with the

Fig. 2. Mean (+ SD, n=3) total [Ce] concentrations in the digestive gland of C.  u-
minea after 0, 2 and 6 days of exposure to nCeQ NPs at 0, 10 and 100 g/L No signi cant
di erences between groups were pointed out by statistical tests.
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apparition of cells containing more than 80% tail DNA.

shows that the tail length measured in control organisms
remained stable all along the exposure and was about 3.5+ 1 m,
close to the value measured in organisms just after sampling
(3.1 £ 0.7 m). In exposed organisms, the mean tail length was about
6.5+ 35 mand9.01 + 45 m after 2days of exposure and about
89+42 mand11.2 £+ 5.2 m after six days of exposure to 10 g
CeO; NPs/L and 100 g CeO, NPs/L, respectively.

3.4. Biochemical and physiological biomarker responses

Only one biomarker (Casp-3) of the whole battery (Table S2)
showed signi cant changes in exposed organisms compared to controls.
Signi cant e ects of time and CeG, NP exposure were observed in
Casp-3 activity ( ). No signi cantdi erence of Casp-3 activity was
observed during the whole experiment in control organisms or during
the rst two days for all exposures. However, Casp-3 activity was sig-
ni cantly increased at day 6 in the highest CeO, NP exposure con-
centration compared to the control group.

3.5. Probabilistic linear discriminant analysis (PLS-DA)

A PLS-DA ( ) was performed in order to discriminate each ex-
posure group according to time and treatment. The most important
parameters were comet tail length and Casp-3, ACP, GST, LDH, TAC
and CAT activities. ACP, GST, TAC, CAT and LDH levels (Table S2)
decreased over exposure time in control organisms. The most important
variable that allowed the discrimination of exposure conditions was tail
length that increased with concentration and time. A concentration
e ect was linked to the tail length changes, whereas time e ect was
mainly explained by Casp-3 activity induction in exposed organisms.
Groups exposed to both tested concentrations also appeared dierent
between 2 and 6days of exposure. Hotelling T2 test ( ) high-
lighted signi cant di erences between exposed and control groups at
day 2 and day 6. Signi cant di erences were also observed as a func-
tion of time and concentration for exposed organisms whereas no dif-
ference seen in control ones over the exposure period.

4, Discussion

This study was conducted in order to evaluate the potential geno-
toxic and physiological e ects of low CeO, NP exposure concentrations
in the freshwater bivalve C. uminea First we focused on the fate of
CeO; NPs in the exposure medium. A strong decrease of total [Ce] in
the water column was observed just after introduction and represents
approximatively a 90% loss for both concentrations. The JRC report
( ) reported that cerium dioxide nanoparticles used in
our study showed high agglomeration/aggregation when dispersed in
deionized water (DI water). Furthermore, these CeO, NPs dispersed in
ecotoxicological test media such as sh and daphnia test media and
seawater showed larger agglomerates than DI water, with the largest
found in seawater ( ). Aggregation could have occurred
in our more complex experimental system because of the presence of
other components (anions, cations, nutrients, trace elements) that could
interact with NPs. In addition to these observations, bare CeO, NPs
were found to homoaggregate in a few minutes in Volvic water (

). That could potentially explain the strong loss of cerium
concentration just after inoculation.

NP bioavailability is supposed to be very low given their small size,
even for aggregates up to 0.5 m. However, the major route of internal
exposure in suspension-feeding bivalves is capture and ingestion that
could be enhanced by aggregation ( ). Clams and
mussels are knownto Iter large volumes of water with high e  ciency,
even when NP contamination occurs. Based on a post-feeding clearance
experiment which followed the decrease of phytoplankton concentra-
tion, calculated that up to 99.9% of CeO, could be
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Fig. 3. Proportion of cells included in 5 arbitrary classes based on DNA in comet tail (in percentage) measured in digestive gland cells of C. uminea after 0, 2 and 6 days of exposure to

nCeO; NPs at 0, 10 and 100 g/L.

Fig. 4. Mean (+ SD, n=6) Tail length measured in digestive gland cells of C. uminea
after 0, 2 and 6 days of exposure to nCeQ NPs at 0, 10 and 100 g/L. Results obtained for
the one-way and the two-way ANOVA analysis are shown in capital and lower case let-
ters, respectively.

Fig. 5. Mean (+ SD, n=5) Casp-3 activity in the digestive gland of C.  uminea after 0, 2
and 6 days of exposure to nCeQ NPs at 0, 10 and 100 g/L. Results obtained for the one-
way and the two-way ANOVA analysis are shown in capital and lower case letters, re-
spectively.

Itered from the water column over 2 days by M. galloprovincialis Ac-
cordingly, showed that almost all of the Ce mass
was removed from the water column by this mussel after 24 h of ex-
posure and was mainly transferred in pseudo-feces.

Although bivalves are able to strongly bioaccumulate a large range
of contaminants, no signi cant bioaccumulation of Ce was depicted in
this study and only a tendency could be observed in bivalves exposed to
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the highest concentration. As CeQ, NP dissolution was reported to be
low ( ) the major part of measured Ce should come
from NPs. The combination of both NP properties (as discussed above:
homo-aggregation, surface reactivity...) and Itration by bivalves may
favor sedimentation, explaining the low recorded bioaccumulation.
Finally, it seems that CeO, NPs were weakly bioaccumulated in aquatic
organisms ( ) and some studies
indicated that CeO, NPs were not internalized into organisms even if
they were found in the digestive gland of aquatic organisms (

). In accordance with these observations,
showed a signi cant bioaccumulation only at the highest concentration
of CeO, NPs in marine bivalve Mytilus galloprovincialisexposed over
4 days to high concentrations (1.0, 2.5, 5.0 and 10.0 mg/L), a hundred
times higher than our tested concentrations. Their mass balance in-
dicated that Ce accumulation in mussel tissues was nevertheless very
low (1-3%) whereas nearly all the injected CeO, NPs were found in
pseudo-feces. In our exposure media, Ce concentrations decreased be-
tween 0 and 2days and stayed relatively stable until the end of the
experiment. Considering that initial exposure concentrations measured
in our media were very low compared to most studies, the absence of
signi cant bioaccumulation was not surprising.

In order to study the potential CeO, NP e ects onC. umineg a two
dimensional approach coupling genotoxic and physiological measure-
ments was performed. Genotoxic e ects were assessed by Single Cell
Gel Electrophoresis assay (SCGE), also known as Comet assay, fre-
quently used to measure and evaluate DNA damages owing to its sen-
sibility, rapidity and relative simplicity. In this study, Comet assay was
performed at pH > 13 in order to allow the detection of single and
double-strand breaks but also alkali-labile sites. It has been demon-
strated that a large tail length can be associated with both a high and a
weak intensity of tail. For this reason, both the tail length and the in-
tensity of the tail were used here as proposed.
Cells are constantly exposed to DNA damage caused by various sources
and have developed a molecular and cellular set of defense systems to
handle the damage. However, exposure to external or environmental
sources such as UV light, ionizing radiations or genotoxic agents can
amplify damages. Some of them could be repaired. Nevertheless some
are irreparable and a ected cells can trigger cell death by activation of
apoptosis in order to eliminate potentially damaged cells (

). Our results indicated that DNA damage increased
with time and concentration of exposure in both exposed groups but
stayed constant in control organisms. CeQ NPs induced signi cant
DNA degradation in other organisms like Daphnia magna and
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Fig. 6. PLS-DA performed with the whole set of physiological biomarker data and comet tail length values. Only VIP > 0.8 (Variable Importance in the Projection) are shown on the

correlation circle.

Chironomus ripariuswhich was associated with other higher biological
level perturbations (24 h, 1 mg/L) ( ). Extensive DNA
damage can alsoinduce apoptosis that is considered an irreversible
process, in contrast to most of the lesions revealed by the classical
comet assay that could be potentially repairable (

). Casp-3 is a common enzyme involved in two apoptotic pathways
and can enable us to follow activation of apoptosis (

). Apoptosis may be activated by direct interactions of NPs with
DNA or DNA-repair or intracellular enzymes but also by indirect ways,
like induction of Reactive Oxygen Species (ROS) production. They are
highly reactive products derived from the reduction of oxygen involved
in the respiration process. In the present study we showed a tendency of
Casp-3 to be di erentially expressed at day 2, but a signi cant induc-
tion of Casp-3 activity at day 6 indicated a probable cell death induction
via apoptosis. Genotoxic e ects leading to Casp-3 response were already
shown ( ). Apoptosis induction after CeO, NP exposure
was also reported ( ) and acts as a protective mechanism
when extensive damagesoccur ( ). Biological me-
chanisms inducing NPsgenotoxicity are less clear. NPs are reported to
have the ability to damage the genetic material by direct physical in-
teractions as well as indirectly by the ROS generation ( ;

). In our study, the presence of NPs and ROS within
tissues, even in low proportion, may be partly responsible for this
genotoxicity leading to apoptosis. However, knowledge regarding the
genotoxicity mechanisms of NPs is still in progress and complementary
information could arise from future studies at molecular level.

Defense and damage biomarkers taken individually have not yet
shown any signi cant induction of antioxidant process but only a slight
tendency to activation after 6 days of exposure. Nevertheless, the in-
tegrated vision obtained by a PLS-DA showed a role of oxidative and

antitoxic mechanisms as CAT, TAC, ACP and GST activities, as well as
LDH, Casp-3 activities and tail length in the discrimination of groups by
time and concentration of exposure. This approach allowed the dis-
crimination of exposed organisms from non-exposed ones as a function
of time and even as a function of low tested concentrations, high-
lighting the sensitivity and the usefulness of this approach. The com-
bination of our observations indicated that exposed organisms are not
responding in the same way even if concentrations of CeQ, NPs in the
exposure medium are low.

In this study we used OECD recommended Ce® NPs and also a
recommended genotoxicity test for risk assessment (comet assay) be-
cause of the lack of such data in ecotoxicology. Exposure to con-
centrations close to the PEC values has activated genotoxicity and
cellular stress an can be mostly explained by induction of DNA damages
involving enzymatic machinery and cell apoptosis that can have further
impacts on the global health of the organism. These observations in-
dicate a possible risk for Asiatic clams and underlined the need of
further studies in nano-geno-ecotoxicology.

5. Conclusion

Genotoxic e ects in C. uminea exposed to low CeQ NP con-
centrations were underlined as earlier as two days of exposure and has
increased with time, inducing apoptosis at the highest tested con-
centration (100 g/L) after six days of exposure. DNA damage could
induce further injuries in organisms and  nally lead to death. However,
defense mechanisms involved were anti-oxidant and anti-toxic enzymes
but also a non-reversible process inducing programmed cell death,
called apoptosis. Our results indicate a potential risk to C. uminea
exposed to concentrations of CeQ NPs close to estimated aquatic PEC

Table 1
Hotelling T 2 test performed on PLSDA data set in order to assess eects of time and exposure concentrations on the biomarker battery. Using a threshold of p  0.05, signi cant values
were bolded.
Hotelling T2 test Day 0 Day 2 Day 6
Control Control 10 g/lL 100 g/L Control 10 g/L
Day 2 Control 0.38
10 g/L <0.001
100 g/L <0.01 <0.01
Day 6 Control 0.18 0.3
10 g/L <0.01 <0.001
100 g/L <0.01 <0.001 <0.01
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values. However, the complexity of the environmental matrix may
greatly modify bioavailability of NPs and interactions between NPs and
other components. Further studies should be carried out with more
realistic exposures such as chronic assays with more complex exposure
media, in order to clarify what process occurs at the molecular scale
and what is the long-term impact of cerium dioxide nanoparticles on
living organisms.
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Abstract

Cerium dioxide nanomaterials (CeQ@Ms) are used in different fields and incorporated in daily products. Several studies
highlighted their effects on organism physiology, although molecular studies remain scarce. NM behavior is strongly dependent
on the environment but few data are available using complex exposure media, raising the question of its environmental impacts
The aim of the present work was to assess the toxic potential of thrge\N®&0Nn Corbicula flumineaat a molecular level by
RT-gPCR under a more realistic scenario of exposure, in a multistress context at two different salinities (1.5 and 15 psu).
C. flumineawas exposed for 28 days to pulses of the three selected NMs (reference, manufactured, and aged manufactured)
In bivalves, the gills and digestive gland are two key organs used for ecotoxicological studies. The expression change of 12 gene:
was measured in control organisms after 28 days in both organs, allowing us to clearly separate the responses for both organs ar
salinities. As gills come in contact with the environment first, we monitored gene the expression at intermediate time points (7,
14, and 21 days) for this organ in order to highlight clams responses to NM and salinity. Two genes (Se-GPx, MnSOD) had a
salinity-dependent level of expression. HSP70, Se-GPx, and Trxr mRNAs presented significant changes in their expressions ir
the presence of NM. This study was completed using an integrated statistical approach. The exposed organisms differed mor
from control at field salinity than those exposed to hyper-saline conditions. At 15 psu, salinity pressure seems to cause the first
molecular impact. At 1.5 psu, gene expression patterns allowed the effect of each NM to separate clearly. These results confirme
the usefulness of gene expression studies. Moreover, we highlighted the necessity to assess the environmental toxicity of th
different forms of manufactured NM.

KeywordsCorbicula fluminea Gene expressiorCeG; pristine and aged nanomaterialdesocosm Salinity

Introduction environmental fate and effects. Their increasing use necessar-
ily leads to an elevation of their concentration in the environ-
Engineered nanomaterial (NM) production and use are stithent. Because of their specific physico-chemical properties
growing despite the lack of robust information regarding theiand associated reactivity, their presence in environmental ma-
trices might conduct interaction with the biota and harmful
Responsible editor: Philippe Garrigues effects can be expected (Park e28D7). Hence, some widely
Electronic supplementary material The online version of this artice ~ Us2d NMs were listed in OECD priority lists of manufactured
(https://doi.org/10.1007/s11356-019-0492 &:@ntains supplementary  nanomaterials for safety evaluation (OE@LQ. Cerium

mateial, which is available to authorized users. dioxide nanoparticles are part of the priority lists. As cerium
dioxide nanopatrticles are mostly found in polishing agents
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Vanessa Koehlé-Divo and in fuel additives, their use results in immediate environ-
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Laboratoire Mer, Molécules et Santé (MMS, EA2160), Université mated to be 2.62g/L. According to the estimated release, no
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continues to increase substantially (Wang and No®@tBa Chen etal. 2015. Indeed, the first responses of organisms
b). Therefore, their putative interaction with the biota is oexpcel to contamination take place at the cellular level by
majorconcern and their effects in relevant biological matricethe change of molecular components. Then, cascade events
have to be assessed. lead to impact at the level of tissues, organisms, and even at
When assessing the fate and effects of NM, one majdhe level of population and community on a longer timescale.
concern lies in the difficulty of understanding and anticipatindrelatively few studies were performed using molecular tools
their behavior in complex matrices. In laboratory experimerin aquatic ecotoxicology in the case of NM effect assessment
tal studies, NM behavior may be affected by the physicoand were mainly done on fish, crustacean and algae species.
chemical characteristics of the NM itself (size, coating, etc.J;o date, only about 20 studies have monitored their effects on
of the surrounding media, by the exposure duration, or by thgene expressions in bivalves, which represent key species for
presence and the activity of test organisms themselves, make monitoring of aquatic pollution by NMs (Rocha et al.
ing comparisons between studies particularly difficult. In th2015. Some published works reported strong impacts in a
case of Ce@NMs, the Joint Research Center (JRC) proposedariety of pathways as those related to metal exposure
a well-characterized representative cerium dioxidémetallothioneins (MT)), to antioxidant and antitoxic defenses
nanomaterial (NM-212) allowing for the comparison betweefMnSOD, CAT, Se-GPx, GST-pi, HSP70, HSP90, CYP450),
the results from different laboratories and projects (Singh ard excretion processes (MRP, PGP), to ionic exchange (Na/K
Institute for Health and Consumer Protectid@14. ATPase), to immune system (lysozymes), to cellular damages
Providing such referencenaterial is a useful step for NM (p53, TNF-, Ras), and to DNA repair mechanisms (rad51,
characterization and risk assessment, but this comparative §add45) using a variety of metallic NMs such as JiO
proach is not sufficient. Alteration occurring after NM incor-(D’Agata et al2014 Canesi et al2014 Barmo et al2013
poration in the product and after daily-life use may changBanniet al.2016 Balbi et al.2014 Guan et al2018 Shi et al.
their properties and then their toxic potential. It was thus den2017), CuO (Ruiz et al2015 Chétel et al2018 Volland et al.
onstrated that CeNMs from a fuel additive (Envird¥) 2018, ZnO (Li et al.2018, Au (Volland et al2015 Renault
were subjected to some modifications after combustion, minet al. 2008) and Ag NMs (Ringwood et aR010Q. The only
icking changes occurring after consumer use. These modiftudyassessing CeNM effects in a bivalve at a molecular
cations affected NM properties such as size, coating, morphaleale monitored 3 gene expressions (Se-GPx, GST-pi, and
ogy, and the presence of surfactants that could considerahyT) which allowed to differentiate the NM according to their
change their physico-chemical properties (Auffan &Gdl7  coating and were related to their antioxidant properties
Dale etal. 2017. Therefore, alteration and aging have to bg§Garaud et al2016. The screening of a battery of genes
investgated to better understand Rpotential effects on the implicated in numerous different pathways will thus provide
environment (Auffan et aR017). useful information about the mechanism of action of NMs.
Aquatic ecosystems are the ultimate sink of a wide range of Despite the observed antioxidant properties of {¢kls
contaminants. The intentional or incidental release of NME&hen et al2006 Das et al2007 Niu et al.2007 Garaud
may enhance their introduction in freshwaters that flow tet al.2015), several studies highlighted harmful effects on the
the ocean with approximately 40,000 #year, resulting in  cells of non-bivalves eukaryotic organisms. These effects are
NM transportation to marine waters. The modification of samainly oxidative stress (Park et2008 Eom and Cho2009
linity between freshwaters and marine systems may influen€henget al.2013 Lin et al.2006 Zhang et al2011), inflam-
NM physico-chemistry and needs to be taken into account fanation (Morimoto etal. 2015), autophagy, and apoptosis
a full environmental evaluation (Bertrand et2016. The (Hussén and Garantzioti2013.
high ionic strength in salt waters will encourage Gé/s Accordng to these previous results, our study focused on
sedimentation that will be quickly removed from the wateigenes involved in several pathways that could be affected like
column (Keller et al2010. Indeed, NM fate and behavior (i) antioxidant and detoxification mechanisms (SOD, CAT,
in thefield diverge considerably depending on medium com&GPXx, or thioredoxin reductase (Trxr), MT, GST, PGP, MRP),
plexity but most laboratory studies so far have mostly usefii) general stress response (HSP70), or even (iii) autophagy
simplified and standardized exposure media. Experimen(€ABARAP). The monitoring of gene expression following
assessing low levels of NM effects using exposure conditio$M exposure and salinity changes was done in a freshwater
closer to the environmental ones (e.g., water, sediment, fodalvalve, Corbicula flumineaC. flumineais an endobenthic
and bacteria) are currently scarce in spite of their relevantiter-feeder organism living at the water-sediment interface
(Bottero et al2015. and supporting large salinity variations. Two salinities were
In orde to evaluate the potential cellular stresses, analyseamployed representative from the continent (1.5 psu) to brack-
of gene expression at MRNA level is an appropriate tool (Pifiah water (15 psu) in order to get insight on NM effects at
et al.2007 Calzolai et al2007) because it enables to detectsalinities occurring from rivers to sea. In order to get closer
early warning signals of chemical impact (Bigot et2011  to environmental conditionand to mimic interactions

@ Springer
71



Environ Sci Pollut Res

occurring in nature, we chose to expose the bivalves in tankbaracterized by the CEREGE (UMR CNRS 7600 Aix en
filled with water, sediment, and algae as a food source. THerovence, France). EnvirBk suspension was centrifuged
present work focused on two organs: the gills and the digefsr 1 h at 20 °C at 39675@x After being lyophilized, the
tive gland. The gills constitute the first line in contact with thepellet was divided into two parts. One was directly used to
environment because of their anatomic position. They ensupeepare the EnvirdX exposure media. The other part was
multiple exchanges and have to maintain cellular homeostasismbusted in an oven for 20 min at 850 °C to simulate the
(Cerqueira and Fernand2802. The digestive gland is the car engine combustion and, in this way, mimic the aging of
main organ for biotransformation and detoxification of Envirox™. The combusted pellet was used to prepare the
contaminants. combusted Envird¥' exposure media. The characterization
Thereby, the aim of the study was to evaluate the moleculaf both EnviroX™ states was performed by Auffan et al.

impacts of NM under a complex exposure scenario 0f2017). Briefly, EnviroX™ particles vere monodispersed
C. flumineaexposed to (i) different forms of NM encounteredand spherical with a mean size, measured by transmission
under their life cycle, (ii) different salinities, and (iii) the com-electron microscopy (TEM), of 7.6 = 1.2 nm while combusted
bination of both. Gene expressions linked to antioxidant, arenvirox™ particles were polyhedral with a mean size of 19.0
titoxic, autophagy, and general stress responses were analyzetD.4 nm. These sizes were in accordance with those obtain-
after 28 days in the gills and digestive gland. As the gills are ied by X-ray diffraction (XRD). The crystalline nature ob-
the first place during exposure, we additionally monitorederved by XRD was identical between both states and
gene expression at intermediate time points (7, 14, armbrresponded to cerianite. There were no detectable Ce(lll)
21 days) in this organ. The data were analyzed by using bo#ttoms at both Envird¥ states using the X-ray adsorption
individual and multivariate analyses. near edge structure (XANES) spectra. The organic matrix sur-

rounding the Ce@particles of Enviro¥! was characterized

by the attenuated total reflection-Fourier transform infrared

Materials and methods (ATR-FTIR) spectroscopy, and a complete loss of the organic
matrix surrounding the Ce(articles was shown after the
Sampling and acclimation 850 °C combustion (combusted Envirox™). The dynamic

light scattering (DLS) technique indicated that the
Individuals ofC. flumineaof 15-20-mm length were hand- Envirox™ NMs were monodispersed with an average hydro-
collected in September 2014 in Argancy in the Moselle Rivedynamic diameter at 20 nm after dilution in heptane (200 mg/
(49° 11 41.5 N, 6° 11 53.2 E, France). The collected L). The combusted Envird% showed two populations of the
clams were transported to the laboratory in the sediment as@e of 90 and 530 nm (milli-Q water, pH 5.9). In different
water from the collection site. The physico-chemical paramevater salinities made using the TropicMafiheea salts,
ters of the collection site were pH 7.3, temperature 13.9 °Quffan et al. 2017 showed that the zeta potential was salinity
and salinity 1.2 psu. The organisms were then quickly placedipendent ranging from 25 mV at 0.1 g/L (pH 6.5) to
into aerated artificial water (Tropic Marine®) at 1.5 psu ab mV at 30 g/L (pH 8.3). No data are available on their hy-
15 °C for 3 days. Then, a progressive acclimation procestodynamic diameters due to the colloidal instability of the
was performed as described in Bertrand et 2017). aggregates (Auffan et &017. The dissolution was low (<
Briefly, half of the bivalves were progressively acclimated inl.5%, 48 h, with and without light) at each salinities tested
a 3-day step by step process to increasing salinity at 5, 10, a(@1, 1, 10, 30 g/L) for both Envird¥ states and was slightly
15 psu (9 days). The other half was kept at 1.5 psu water féess in the combusted form (combusted Envi¥dxhan that
the same duration. The organisms ©6) were then placed in inthe uncombusted one (Envif®. The dissolution was also
each experimental unit for 3 days according to their acclimalecreased at higher salinity (10 and 30 g/L) compared with
tion salinity, in order to stabilize in the mesocosm unit (phothat at the lower ones (0.1 and 1 g/L) (Auffan eRall?).
toperiod 16:8, temperature 19.3 °C, oxygen saturation NM-212+epresentative manufactured nanomaterials (Ref

8.14 mg Q/L, pH 8.1, redox potential 232.9 mV). Ce02-JRCNM02102a/JRCNM02102a004014) were provid-
ed by the Joint Research Centre (JRC). This NM was well
Tested nanomaterials characterized by Singh dninstitute for Health and

Consumer Protectio2014). Briefly, NM-212 was polyhedral
The EnviroX™ product purchased from Energenics Europavith irregular morphology and had a non-homogenous size
Ltd. EnviroX™ is a fuel additive that enhances combustiordistribution ranging from below 10 nm to well in excess of
efficiency and reduces the emission of soot in diesel engindé®0 nm (TEM). The crystallite sizes assessed by XRD were in
during catalytic combustion (Park et2007. CeG isincor- the range 33:319 nm. The X-ray photoelectron spectrometer
porated in this product at the concentration of 26.7 + 0.8 g L (XPS) results showed that the'Cevas the predominant form
Two different states of Envird¥ were prepared and (Singh and Institute for Health and Consumer Protection
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2014. Measurements by dynamic light scattering (DLS) indiRT-gPCR analysis

catethat they were monodispersed in ultra-pure water and had

a mean size of 225.4 + 92.5 nm. NM-212 powder was used RT-qPCR was performed on 13 genes. The primer sequences
prepare 15 mL of stock suspension at 1 g/L every week durirgye listed in Supporting Information Tat$d The primers

the whole exposure duration. An ultrasonication (90% ampliwere designed using Primer3Plus. The cDNAwas synthesized
tude in the ice tank, 20 s) was done on the stock suspensiona final volume of 20 | by using 900 ng of RNA, 2.5M of
before each introduction in mesocosm as described in tmandom hexamer primers, and the SuperScript® Il reverse
Singh and Institute for Health and Consumer Protectiotranscriptase according to the manufactsrérstructions
(2019 guidelines. (Invitrogen). The gPCR reaction was conducted with 45 ng
of cDNA, water (no template control) or total RNA (45 ng/
reaction; no RT control) as a template, from 200 to 300 nM of
primers (see Tab®l), and the Fast SYBR® green master mix

After the progressive acclimation, the clams were placed #i*PPlied Biosystem®, CA, USA) in afir:al volume of 2Q.
eight mesocosms (750 x 200 x 600 mm) filled with 14 kg ofl he cycling conditions were 20 s at 95 °C, followed by 40 cy-

synthetic sediment (90% sand, 9% kaolin, 1% CgG@d cles of 3 _s at 95 °C and 30 s at 60 °C_. The specificity of
45 | of artificial water (ultra-pure water and Tropic Maun ~@mplification was checked using a melting curve generated
sea salts (Tropicarium Buchshlag Dreieich, Germany)) madi the end of the reaction, and the size of the amplicons was

at each tested salinity (1.5 and 15 psu). In order to assess ¥fified on an agarose gel. All PCR amplifications were per-

salinity effect, four mesocosms per salinity were used, 1.5 pdgrmed on each biological replicate using the StepOnePlus

corresponded to the field salinity and 15 psu to the hypefRT-PCR system (Applied Biosystems®). The gene expression
saline condition. The clams were exposed to three treatmerlf&/€!S were analyzed using the relative quantification method
NM-212, EnviroX™, and combusted Envird¥, for each test- CY (Livak and Schmittge007) with the ribosomal pro-

ed salinity. Eleven injections of 4.1 mg GelM for each tein S3 gene as a reference for normalization. Condition con-
treatment were made into the mesocosm water column (evéf§! 1.5 psu was chosen as a reference condition for the gills
3 days) in order to reach a final concentration of 1 mg/L aftdielative gene expression presentation. The final treated/control
28 days of exposure. One uncontaminated mesocosm per tgfio and pooled standard deviation were calculated based on

linity (controls) was set up. The organisms were fed during th&'€ mean Ct of biological replicates. Due to qPCR plate
whole experiment with 1 x focells Chlorella sp./mL. constraint, the four times of exposure were treated separately.

Physico-chemical parameters in the water column (tempera- . L

ture, salinity, pH, redox potential, and dissolved oxygen) wer&€Mum quantification in bivalves
continuously monitored during the whole duration of
exposure.

Mesaosm setup

The digestive glands of organisnms<6 per treatments) were
dissected and placed in an oven (45 °C) for 48 h. After dry
weight determination, the digestive glands were added with
RT-gPCR 1 mL of HNG; (32.5%) and placed at 65 °C for 48 h to release

the total Ce contained in the tissues. Quantifications of Ce into

The digestive gland and gills were used at day 28 for geng,magenate were performed by Micropolluants Technologie
expression assessment in the different tissues, and a time s%i_l/g_ (Metz, France) using ICP-MS (Agilent 7700, Agilent

analysis of gene response was also conducted for the gills a%chnologies France). The results were expressed in ng Ce/g
14, and 21 days. dry weight.

Preparation of RNA extract Statistical analysis

Both organs were dissected, snapped in frozen liquid nitrogeBtatistical analyses have been conducted using R (R Core
and stored at 80 °C until subsequent analysis. The total RNATeam2014). For the individual gene expression data, homo-
was extracted from tissues using an RNeasy kit (Qiagen) aseedaticity and normality have been checked by the Levene
cording to the manufacturer protocol. After extraction, th@nd Shapiro tests, respectively. As the conditions were
contaminated DNA was digested with DNAse | (Sigmarespected, a two-way ANOVA test was conducted to assess
Aldrich) and the total RNA was purified with the RNeasytreatment and salinity effects. We only considered variations
kit. RNA purity and quantity were assessed by optical densitigetween groups that presented a fold change (FC) between
measurements (OD 260 nm and OD ratios 260/280 and 26@¥oups compared with the control 1.5 psu+ 1.5,{5&

230) and RNA integrity was checked using Bioanalyseu0.58). The Tukey HSD post hoc analysis was performed when
2100 (Agilent, CA, USA). significant differences were depicted with the ANOVA.
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The multivariate structure of the gene expression datasgt p<0.001) and contamination§ € 25 135 g5 p=0.037)
was rejuired to apply a specific set of statistical tools. First, avhile their interaction was not significant £F..65 135 a5
MANOVA, multivariate ANOVA was set up to assess if p=0.16). Pairwise comparisons demonstrated a clear organ
significant differences accorded to the tested factors could kéfect, but no contamination effect (TaBiB. NM responses
depicted. These results help us to design each partial leasemedonetheless to be more pronounced in the gills with
square discriminant analysis (PLS-DA) that highlights théoth EnviroX™ states that tend to respond differently from
genes explaining those differences. Only a variable (i.e., gendM-212 and control, while in the digestive gland, no tenden-
with a VIP (variable importance in projection) score above 0.8y was observable.
was considered. Finally, the Hotellifig test was performed
on the PLS-DA results to explore more thoroughly the differ-
ences between the exposure conditions. Temporal monitoring in gills

Individual gene expression

Results

Four genes (HSP70, MnSOD, Se-GPx, and Trxr) presented
Comparative gene expression between the gills significant changes during the time course of the experiment
and digestive gland (Fig.3). However, no clear patterns were evidenced consider-

ing nather salinity nor exposure to NMs.

After 28 days, the set of monitored genes allowed us to clearly For HSP70, mRNA levels in combusted Envitoxvere
differentiate the digestive gland and gill gene expressions #ignificantly different from those in control, NM-212, or both,
control organisms (FiglA). The MANOVA pointed out the at both salinities and at all time points except at day 28 at
significant impactof both the salinity (F 16.6 14 a5 15 psu. Even if it is not systematic, we observed that both
p<0.001) and orgarH(= 102 14 ¢s p< 0.001) but no signif- Envirox™ products induced a similar response, often different
icance for their interactiorr (= 0.8, 14 s p=0.48). These re- from the response in the two other conditions. Actually,
sults are confirmed by the Hotelling test (Fi§). The diges- Envirox™ products tended to lead to decreased mRNA levels,
tive glands presented more mRNAs for MT, CAT, Se-GPx anéxcept at day 14. With respect to salinity, we did not observe
to a lesser extent GST-Pi whereas gills had more mRNAs fany difference except at day 21, when every exposure condi-
MRP1, PGP, and HSP70. The MnSOD transcript appeardibn led to decreased mRNA levels at 15 psu.
more pronounced in both organs in the organisms exposed For MNnSOD, we did not record any change in mRNA
to the highest salinity (15 psu) compared with that of the fieldevels in organisms exposed to the NM conditions at each
salinity (1.5 psu). salinity. However, the highest salinity (15 psu) induced an

MANOVA made on the entire gene expression data fronncrease of mRNA levels in each exposure condition at 7
non-exposed and exposed organisms after 28 days2)Fig. and 14 days and in EnvirdX at 28 days while a decrease is
indicatedsignificant differences among orgafs=542¢g  Observed in combusted Envifdkat day 21.

Fig. 1 PLS-DA performed with MnSOD
thewhole dataset for both organs | A B
(digestive gland and gills) RP1

collected in control organisms
: PGP
exposed 28 days in mesocos@ns. Se-G

N T\
The correlation circle (top) with Q HSP70 Pairwise comparison:

only genes that displayed a VIP > i 2
0.8 and the factor plane (bottom) hotelling T= test

showing the exposure groujts.
The results from pairwise
comparison made on the PLS-DA ‘ Gills Digestive gland

dataset. Significant differences 1.5 psu 15 pgu 1.5 psli5 psu
appeared as bold letters using a Di ; 1.5

. gestive gland . .5 ps
threshold of 0.05 while non-tested 15 p Gills 15 psi} < 0.05

I N
differences are shown BNIT Digestive 1.5 psr 0.05 NT

@and sils gland 15psy NT <0.04 <0.05
5P 1.5 ps
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data obtained from the gills and
digestive gland of organisms
e _ Beta-actifGABARAP J—

correlation circle (left side) Il:\’/lgg 1 g £n§?i‘r‘oxm

showing only genes that s

displayed a VIP > 0.8 and the ‘ﬁ J?n%%D QC?‘{!QF"{SEQEW!FOXT

factor plane (right side) showing S€-GPx H%IS:’;-CI)Q NM_lzCon\tr‘OI i
MT -

Fig. 2 PLS-DA performed with - Digestive gland — Gills
exposed 28 days to each

contamination conditions. The

the exposure groups v

F=
L=k
(31
Gomr g

Fig. 3 Relative gene expression (expressed in log 2) of HSP70, MnSO[ontrol 1.5 psu was chosen as reference for relative expression. Groups
Se-GPx,and Trxr genes after miRA extraction from the gills of that do not share the same letter are significantly different
C. flumineaexposed in mesocosm during 7, 14, 21, and 28 days.
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For Se-GPx, mRNA levels significantly decreased (at leas¢ss CAT, HSP70, GST-Pi, beta-actin, and GABARAP
ninefdd) in NM-212, EnviroX™, or both in most time points mMRNAs. The vertical axis separated both EnviYogxpo-
at 1.5 psu. At 15 psu, the only difference was found at 21 daysures, with PGP and MRP1 being higher in combusted
for the combusted Envird%. When comparing the results Envirox™ while the opposite was observed for MnSOD
obtained between both salinities, we observed, at 15 psunaRNA.
systematic decrease in the control relative to the control at After day 14 at 1.5 psu, all exposures appeared different
1.5 psu and a decrease in combusted EnWrat day 14 from each other. The horizontal axis separated both Ef¥irox
and day 28, relative to the same condition at 1.5 psu. Tproducts from control and NM-212 treatments with more
summarize, the overall response pattern to both NM cond¥nSOD, MT, HSP70, GST-Pi, and Trxr expressed in both
tions and salinity was a decrease, except in combustdthvirox™ products. The vertical axis separated control from
Envirox™ where the decrease did not occur at day 7, 14NM-212 due to the Se-GPx mRNA content.
and 28 at 1.5 psu and at day 21 at 15 psu. After 21 days at 1.5 psu, all groups were different from the
For Trxr, mRNA levels did not change at day 7, 21, and 2&thers except Envird¥ and NM-212. The horizontal axis
(except a significant difference between NM-212 angointed to differences between NM treatments with NM-212
combusted Envird® at 15 psu). However, at day 14, for both and EnviroX™ having less MnSOD, CuzZnSOD, CAT, beta-
salinities, both Enviro®" products led to a significant in- actin, and HSP70 than the combusted form. The other axis
crease in mRNA levels when compared with control. Foseparated control exposure from the others with control pre-
15 psu, NM-212 also led to an increase when compared wigenting more MRP1, GST-Pi, and Se-GPx but less MT mRNA
the control. When comparing the results obtained betwedghan NM-exposed organisms.
both salinities, we did not observe any change except at day After 28 days at 1.5 psu, Envirox™nhd NM-212 were
7 for EnviroX™ at 15 psu, where an increased level was redifferent from control mainly due to Se-GPx expression that
corded relative to the same condition at 1.5 psu. was higher in control. The only other difference appeared
The other genes presented fewer or no expression chandgetween NM-212 treatment and combusted EnVitaxith
during the exposure (TalbB8& S4). Briefly, PGP, beta-actin, NM-212 presenting more RP1, GABARAP, HSP70,
ard CAT mRNA levels did not change during the exposureMnSOD, and Trxr while less Se-GPx mRNA. The vertical
either between contaminations or between salinities. The otheexis separated both NM-212 and Enviffom control with
genes (CuzZnSOD, MT, GST-Pi, GABARAP, and MRP1) predess Se-GPx mRNA measured in these treatments.

sented some changes on just a few dates. Regarding the overall pattern at 1.5 psu, two gene expres-
sions (MnSOD, HSP70) were systematically discriminant for
PLS-DA analysis the PLS-DA models at all exposure times. All NM conditions

appeared different from the control condition during all expo-

MANOVA have been conducted at each sampling time andure time except for NM-212 at 7 days and combusted
showed some significant effects according to the saliaity ( Envirox™ at 28 days.
40, 3> g5 P<0.001 for 7 daysF =89 35 45 P<0.001 for For 7 days at 15 psu, no significant difference was observed
14 daysF =12.5 39 45 P<0.001 for day 21F =53.5 31 a5 except for EnviroX and control. The horizontal axis separat-
p<0.001 for day 28), to contaminatioR £ 2.4 65 45 P= ed control from Enviro® (p<0.05) and combusted
0.037 for 7 daysF =7.8 75 45 P<0.001 for day 14fF = Envirox™ (NS, p=0.06) with control presenting less Se-
1.9 50 a5 P=0.096 for day 21F =3.6564 45 P=0.004 for GPx mRNA but more HSP70 and GABARAP mRNAs.
28 days), and to their interactiofi € 3.2% g5 s P=0.007 for ~ Gene expressions of Trxr, PGP, and MRP1 also allowed for
7 days;F=1.3% 75 45 P=0.28 for day 14F =5.7 50 s a separation between control and Envirox
p<0.001 for day 21F = 2.9 64 g5 p=0.015 for day 28). In After 14 days at 15 psu, Envir®% appeared significantly
order to focus on the effects of NM, we decided to analyze thdifferent from control while the only other difference pointed
results obtained for each salinity separately. out was between NM-212 and combusted Envirox™

PLS-DA analyses were summarized in Bignd Fig5for  Envirox™ presented more HSP70, Trxr, GST-Pi,
1.5 ard 15 psu, respectively, and pairwise comparison resulSuZnSOD, and MnSOD mRNAs than control. The vertical
were shown in Tabl85 The PLS-DA approach indicated that axis underlined some differences between NM-212 and
NM expasures induced higher modifications of gene expressombustd Envirox™ with this last group presenting more
sion profile at field salinity (1.5 psu) than in hyper-salinePGP, MRP1, and Se-GPx mRNAs.
condition (15 psu), whatever the sampling date. After day 21 at 15 psu, the only group significantly differ-

Forday 7 at 1.5 psu, all conditions were different from eacknt from the others was combusted Envitox he horizontal
other except control and NM-21@£0.11). The horizontal axis allowed a clear separation between combusted EfYirox
axis clearly separated control and NM-212 groups from botand the other groups, combusted Envitbpresenting less
Envirox™ products, with both Envird¥ products presenting HSP70, GABARAP, MnSOD, and CuZnSOD mRNAs but
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7 days 14 days 28 days
MnSOD - AT Se-
Beta-actin ta-actin FXLBAR P
GST-Pi A
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— K .. -"‘:..oo%
s s e®® ON\® N [t ettt >
g = =2 P o cei@eee O
9 :. .’i.. .......
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Fig. 4 PLS-DA performed with data collected on organisms exposed during 7, 14, 21, and 28 days to each conditions at 1.5 psu

more MRP1 mRNA. The vertical axis participated in thisEnvirox™ at 14 days and to Enviré% at 21 and 28 days,
separtion only between combusted Enviféxand control/  under field salinity (1.5 psu) than under hyper-saline condition
Envirox™, by modulation of GST-Pi and Se-GPx mRNA (15 psu).
content.
After 28 days at 15 psu, the model that was mainly ex-
plained by HSP70, CuzZnSOD, GABARAP, PGP, MRP1,Discussion
and beta-actin gene expressions pointed out no clear pattern.
Regarding the overall pattern at 15 psu, one gene (HSP70he aim of the present work was to evaluate the potential
appeared systematically important for the PLS-DA models itoxicity of CeQ NMs in C. flumineaexposed to different
all sampling dates. Differences from control were observeshlinities (1.5 and 15 psu) by monitoring their impact at a
from 7 to 14 days for Envirox™, from 14 to 21 days for molecular scale. In order to increase the environmental real-
combusted Envird®', while never for NM-212. ism, a complex exposure (indoor mesocosm) was designed
with pulse dosing by the addition of standardized (NM-212)
or commercially available NM (Envird%) undergoing or not
an aging process in order to take into consideration different
forms of NM during their life cycle.
After 7, 14, 21, and 28 days of exposure, the total Ce concen-
trations in the digestive gland of bivalves exposed in the difcomparative gene expression between the gill
ferent mesocosms are illustrated in [Big. and digestive gland
At 1.5psu (Fig5-A), significant greater Ce concentrations
were masured into the organisms exposed to Envifand  Our results showed a strong difference of gene expression
NM-212 compared with those of control and combustedetween the gills and the digestive gland in the freshwater
Envirox™ only after 28 days. At 15 psu (Fi§-B), only  Asiatic clam. Several studies have documented differential
organisns exposed to NM-212 exhibited significant higherexpression of genes or differential levels of enzymatic activi-
accumulation of Ce compared with those of control after #tjes between both organs in other freshwater and marine bi-
14, and 28 days of exposure. valve species (Doyen et &006 2008 Bigot et al.2009
Comparing both tested salinities, digestive Ce accumul&ossiet al.1997 Metian et al2008 Guo et al2017), relative
tion was greater in the organisms exposed to combustéd ther physiological functions and their implication in stress

Bioaccumulation of Ce into the digestive gland
of organisms

7 days 14 days 21 days 28 days
Trxre B RP1 RP1 STR] Cuzng ta-actin
Se-GPx e-GP e-GPx P
GABAR HSP7, GABARA|
Mn§OD BAR T
HSP7 I’?(IP-D MnSO
S5 GST-pi CuZnsSoO mpp1  HSP
(Vp] uzZnSOD
Q— LX) “ ! o oo
L] D

Lo i 1
—

NM-212

7

- Envirox™ Combusted Envirox™

Legend: Control

Fig. 5 PLS-DA performed with data collected on organisms exposed during 7, 14, 21, and 28 days to each conditions at 15 psu
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@ Control  OEnvirox™ mcombusted Envirox™ @ NM-212

>

Effect of salinity and NM in the gills
throughout the exposure duration

Salinity appeared to be the main variable explaining the dif-
ferences in gene expression in the gills. The MNnSOD mRNA
level was increased at high salinity and could be correlated to
ROS generation (An and Ch2010. The generation of 4D,

- by MnSOD should have required detoxification mechanisms
0 1 2 3 4 such as Se-GPx or CAT. However, Se-GPx mRNA decreased
Ce accumulated in digestive gland (log(ng/g dry wt)) in hyper-saline condition while CAT mRNA level did not

change. As MnSOD represents a small proportion of total
mControl  OEnvirox™  mcombusted Envirox™ &1NM-212 SOD inside cells, its increasing expression may not be suffi-
; cient to require more CAT or Se-GPx, even though it indicates
some mitochondrial perturbations.

Once the salinity effect has been set aside, we could reveal
the effect of Ce@NMs that differed according to the type of
NM. WhenC. flumineawere exposed to NMs at field salinity
(1.5 psu; i.e., no salt stress), the overall gene expression in the
gills was affected by NM-212 from 14 days until the end, and
at each time point by both Envir8% products (except in
combusted envird¥ at 28 days). Even if it was not system-
Fig. 6 Cerium bioaccumulation (log transformed (mean and standa@tic' the three NMs gave different patterns of response. The
deviation)) in the digestive glands 6f fluminea(n = 6) after 7, 14, 21, main trend in all NM conditions was a decrease in the expres-
and 28 days of exposure in mesocosms to four experimental treatmesign for most of the studied genes. Exposure to NM-212 and

(control, Envirox™, combusted Envird¥, NM-212) at 1.5 psua) and Envirox™ induced the decrease of Se-GPx mRNA compared
15 psu b). Significant differences between the exposure treatments were. h th | field salinity. Ciofani D |
expressed with lowercase after exposure at 1.5psnd after exposure  With the control at field salinity. Ciofani et ak14 also

at 15 psu If). Asterisk (*) indicated significant differences betweenStowednot only a downregulation of genes coding for some
salinities (1.5 psug] vs 15 psulf)) for each exposure treatment members of the GPx family but also a downregulation of other
genes involved in cellular protection. They suggested that
CeO, NM presented a potential role of ROS scavenger.
response. In our study, the gills presented enhanced meclzaraud et al.2015 2016 also supported this possibility in
nismsof direct action against xenobiotics through excretioDreisena polymorphaince Ce@ NMs were already report-
pathways (MRP1, PGP) or by the role of chaperone proteiad as having antioxidant properties such as SOD, CAT, per-
(HSP70). As gills are in direct contact with surrounding meexidase, and oxidase capacities (Siaghg. On the contrary,
dia, they are vulnerable to particles and overexpress the€eQ, NMs were also reported to damage DNA molecules
kinds of early defenses. The digestive gland expressed high&oehlé-Divo et al2018 Auffan et al.2009 but sequences
content of MT, CAT, Se-GPx, and GST-Pi mRNAs that areof gene involved in DNA damage response pathway are not
involved in detoxification mechanisms through complexatiomvailable so far irC. fluminea and therefore, their mMRNA
or interactions with xenobiotics (e.g., metals, drugs) or oxiddevels have not been evaluated here. However, this decrease
tive components. As they are able to accumulate various coof Se-GPx mRNA during the entire time of the experiment
taminants including NMs (Canesi et @012 Canesi and rather supports the antioxidant properties of £H®Is. For
Carsi 2016), they are the main organ for detoxification andthe combusted form, only a weak impact on Se-GPx gene
biotransformation, explaininthe expression of such expression has been noted, while a decrease of HSP70
mechanisms of the stress response. The strong differencendiRNA content in most sampling dates was monitored. The
expression between both organs remained after the applicatiohibition of HSP70 synthesis was already observed after met-
of NM contamination during 28 days. In our study, weal exposure and was correlated to inhibition of stress protein
selected the gills in order to monitor the temporal variationsynthesis (Boutet et 003 Luo et al.2014. HSP70 down-
of gene expression throughout the exposure duration. As thegulaion was also shown after Ag NPs exposure and could
gills are in direct contact with surrounding media, they maye related to the induction of caspase-independent apoptosis
react first to environmental modifications. In the bivalve(Gomes et al2013. The differences observed between both
Dreissena polymorphaNavarro et al. Z011) reported that Envirox™ productsshowed that transformations occurring
the expression of genes involved in metal stress responsikiring NM life cycle had significant impacts @h fluminea
was affected in gills earlier than in digestive gland. gene expressions. The 850 °C combustion led to

expoaure time (days)

o8]

expasure time (days)

Ce accumulated in géstivegland (Iag(ng/g dry wt))
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modifications on NM physico-chemical properties (surroundrespond in priority to osmotic stress in order to conserve cel-
ing marix, size, and form) that can considerably change theiular functions, an adequate reaction against contamination
bioavailability and their potential effects on living organismsshould not have been implemented.
(Auffan et al.2017). The measurements performed in the di- While few molecular studies have been performed using
gestive d¢and of the exposed organisms suggest that theMs (Wiesner and Botter®016, classical molecular obser-
850 °C combustion decreased the bioavailability of the consations of NM effects were linked to the over-expression of
taminant since it was the only one that has not beeaxidative stresselated genes (Klaper et 2014. As CeQ
bioaccumulated in this organ. The absence of bioaccumultHMs were reported to have both pro- and antioxidant roles,
tion in the digestive gland does not preclude a contact of thbe decrease of gene expressions observed in our study could
contaminant with the gills, which may explain the observedbe linked both to harmful and beneficial effects. Nevertheless,
effects. NM physico-chemical properties and biological efthe significant modifications of expression profiles by NMs
fects monitored are difficult to link accurately in this study. remain worrisome especially since the organisms were ex-
WhenC. flumineawere exposed to NMs at high salinity posed in complex media using a final concentration below
(15 psu; salt stress), we showed an overall absence of respottse no observed effect concentration (NOEC) values of
compared with the control. Salinity may have strongly influCeO, NMs determined in aquatic invertebrates (Hoecke
enced and changed the behavior of NMs. In our study, it seeras al.2009. In addition, our results often showed significant
that the increase in salinity led to a removal of biologicalifferences between NM-212 and Envifxconditions, with
response, with gene expressions close to the control. NM imore pronounced effects in the last one originating from a
teractions with high concentrations of salt (iohs; Devoille  commercial form. This finding reinforces the need to focus
et al.2018 may enhance their aggregation and sedimentatiaon NMs as a part of daily-life products. In the same way, some
(Bakeret al.2014. The rapid sedimentation of NMs in our significant differences were shown between pristine and aged
experimentalunit may have reduced their filtration by Envirox™ products, highlighting the need to consider the en-
C. flumineaThis may explain why the gills seem not to reacttire life cycle of NMs. While previous nanotoxicology studies
in the present context of contamination: salinity may haveave allowed the understanding of many essential features of
limited NM bioaccessibility and bioavailability. Another ex- nanomaterials, there is always a great lack of information re-
planation is that salinity may have stressed the bivalves gsrding their environmental fate and impact on organisms.
shown in Bertrand et al2017. The isolation of organisms  The integration oBomic" tools in aquatic ecotoxicology
from their surrounding environment was demonstrated as lzas been done primarily with species having their full genome
response against salinity stress (Kholodkevich 2G9.  sequenced, while as yet only a few bivalves have been se-
Indeed some bivalves are able to escape from stressful coguenced despite their ecological relevance. Nonetheless, such
ditions by closing their shell valves (Ferreira-Rodriguez andn approach provides a valuable assessment of the molecular
Pardo2018 Tran et al.2003. Isolation of organisms might responses of organisms to emergent contaminant such as NMs
causea drastic reduction of general metabolism (Carregosghatel et al2018 Wiesner and Botterd016. In this study,
et al.2014 and might affect gene expression level by decreasve provided fundamental knowledge required to understand
ing it due to its high energetic cost (Philipp e2112. Inthe  molecular mechanisms by comparing two key organs (the
same wayjn hyper-saline conditions, osmoregulation pro-gills and the digestive gland) before assessing NM toxicity
cesses may have been more intensively required and the rédgat might be useful to aid comprehension in AOP ap-
ulation of metabolic trade-offs may have led to the result thagroaches. Furthermore, the level of MRNAs was actually im-
gene expression was disturbed and some pathways were gaeted by NMs in each condition highlighted the usefulness of
pressed or shut down. This may explain why the usual defentid@s approach in such a complex exposure design. The inte-
mechanisms were not responding at high salinity in compargrative vision of effects also showed the importance of weak
son with what we observed at field salinity. expression modifications to reveal differences between NMs.
By this study, we have contributed to deepening this knowl-
edge, demonstrating the necessity to perform exposures closer
Conclusion to environmental scenarios (i.e., media complexity, low and
cumulative NM concentrations).
This study has demonstrated significant impacts oL, CENIs
onC. flumineagene expressions that were salinity dependengunding informationFinancial supports were provided by the French
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@ Springer
79



Environ Sci Pollut Res

NanoTechnology. KOEHLE-DIVO Vanessa received financial support  detoxification genes in the bival¥&orbicula flumineaEcotoxicol
for sdary from the French Research Ministry. Sharon Kruger is gratefully ~ Environ Saf 72:382387. https://doi.org/10.1016/j.ecoenv.2008.04.
acknowledged for her English corrections. 014
Bigot A, Minguez L, Giambérini L, Rodius F (2011) Early defense re-
sponss in the freshwater bivalv€orbicula flumineaexposed to
copper and cadmium: transcriptional and histochemical studies.
Environ Toxicol 26:623632. https://doi.org/10.1002/tox.20599
Conflict of interest The authors declare that they have no conflict ofgottero J-Y, Auffan M, Borschnek D, Chaurand P, Labille J, Levard C,
interest. Masbn A, Tella M, Rose J, Wiesner MR (2015) Nanotechnology,
global development in the frame of environmental risk forecasting.
A necessity of interdisciplinary researches. Compt Rendus Geosci
347:3542. https://doi.org/10.1016/j.crte.2014.10.004
Boutet |, Tanguy A, Rousseau S, Auffret M, Moraga D (2003) Molecular
identfication and expression of heat shock cognate 70 (hsc70) and
heat shock protein 70 (hsp70) genes in the Pacific oyster Crassostrea

Compliance with ethical standards

References gigas. Cell Stress Chaperones 88%
Calzolai L, Ansorge W, Calabrese E, Denslow N, Part P, Lettieri T (2007)
An M, Choi CY (2010) Activity of antioxidant enzymes and physiolog- Transcriptomics and proteomics. Applications to ecotoxicology.
ical responses in ark sheficapharca broughtoniexposed to ther- Comp Biochem Physiol Part D Genomics Proteomics 22485

mal and osmotic stress: effects on hemolymph and biochemical https://doi.org/10.1016/}.cbd.2007.04.007
parameters. Comp Biochem Physiol B: Biochem Mol Biol 155:CanesiL, Corsi | (2016) Effects of nanomaterials on marine invertebrates.
34-42. https://doi.org/10.1016/j.cbpb.2009.09.008 Sci Total Environ 565:93340. https://doi.org/10.1016/j.scitotenv.

Auffan M, Rose J, Orsiere T, De Meo M, Thill A, Zeyons O, Proux O, 291601_-085? ) o )
Masbn A, Chaurand P, Spalla O, Botta A, Wiesner MR, Bottero J-YCanesi L, Ciacci C, Fabbri R, Marcomini A, Pojana G, Gallo G (2012)
(2009) CeO nanoparticles induce DNA damage towards human der- Bivalve molluscs as a unique target group for nanopartlcle toxicity.
mal fibroblasts in vitro. Nanotoxicology 3:1-61171.https://doi.org/ Mar Environ Res 76:1&1. https://doi.org/10.1016/j.marenvres.
10.1(0/17435390902788086 201106.005

Auffan M, Tella M, Liu W, Pariat A, Cabié M, Borschneck D, Angeletti Canesi L, Frenzilli G, Bal_bi T, Bern_ardeschi M_, Ciacci_ C Corsolini S,
B, Landot G, Mouneyrac C, Giambérini L, Rose J (2017) Structural ~ Della Torre C, Fabbri R, Faleri C, Focardi S, Guidi P, ko A,
and physicaichemical behavior of a Ce@anoparticle based diesel Marcomini A, Mariottini M, Nigro M, Pozo-Gallardo K, Rocco L,
additive during combustion and environmental release. Environ Sci: ~ Scarcelli V, Smerilli A, Corsi | (2014) Interactive effects of n-fiO
Nano 4:19741980.https://doi.org/10.1039/C7ENO0494] and 2,3,7,8-TCDD on the marine bivaMgtilus galloprovincialis

Baker TJ, Tyler CR, Galloway TS (2014) Impacts of metal and metal Aquat Toxicol 153:5365. https://doi.org/10.1016/j.aquatox.2013.

. . . / . 11.02
oxide nanoparticles on marine organisms. Environ Pollut 186:257 L .
271.https://doi.org/10.1016/j.envpol.2013.11.014 Carregosa V, Velez C, Soares AMVM, Figueira E, Freitas R (2014)

. .- ! o . Physological and biochemical responses of three Veneridae clams
Balb:?’:hnsérlﬁr"I:D'g.'agggbrl'vlz;cgﬁﬁ]? : ’ G“gﬂgtéé’nga“:églas(gghf ' exposed to salinity changes. Comp Biochem Physiol B: Biochem
» PO) Y P ; Mol Biol 177-178(%+9):1-9. https://doi.org/10.1016/j.cbpb.2014.
Co-exposure to n-TiPand Cd* results in interactive effects on 08.00L
biomarker responses but not in increased toxicity in the marine bjx : I
valve M. galloprovincialis Sci Total Environ 493:35864.https:// berquelra CCC, Femnandes MN (2002) Gill tissue recovery after copper

doi.arg/10.1016/j.scitotenv.2014.05.146 exposure and Ibod parameteresponses in the tropical fish

. o . . ) . Prochilodus scrofaEcotoxicol Environ Saf 52:831. https://doi.
Banni M, Sforzini S, Balbi T, Corsi |, Viarengo A, Canesi L (2016) 0rg/101006/eesa.2002.2164

Ccilmbingdgfflfagt_s Of_ n-T:Q ;nd 2'3'728'TC_DD ciiri_\/lytilush_ Chatel A, Lievre C, Barrick A, Bruneau M, Mouneyrac C (2018)
9a rc])pro_vmlums igestive gland: atrahscnptc;]mm andimmunonis-— franscriptomic approach: a promising tool for rapid screening
tochemical study. Environ Res 145:1384. https://doi.org/10. nanomaterial-mediated toxicity in the marine bivagilus edulis

1016].envres.2015.12.003 _ _ . application to copper oxide nanoparticles. Comp Biochem
Barmo C, Ciacci C, Canonico Brabbri R, Cortes«, Balbi T, Physiol, Part C: Toxicol Pharmacol 205:38. https://doi.org/10.
Marcomini A, Pojana G, Gallo G, Canesi L (2013) In vivo effects 1016f.cbpc.2018.01.003
of n-Ti0; on digestive gland and immune function of the marinechen J, Patil S, Seal S, McGinnis JF (2006) Rare earth nanoparticles
bivalve Mytilus galloprovincialis. Aquat Toxicol 13233:9-18. preventretinal degeneration induced by intracellular peroxides.
https://doi.org/10.1016/j.aquatox.2013.01.014 Nat Nanotechnol 1:14250
Bertrand C, Zalouk-Vergnoux A, Giamberini L, Poirier L, Devin S, Chen H, Zha J, Yuan L, Wang Z (2015) Effects of fluoxetine on behavior,
Labille J, Perrein-Ettajani H, Pagnout C, Chatel A, Levard C,  antioxidant enzyme systems, and multixenobiotic resistance in the
Auffan M, Mouneyrac C (2016) The influence of salinity onthe fate Asian clamCorbicula fluminea Chemosphere 119:85862.
and behavior of silver standardized nanomaterial and toxicity effects  https://doi.org/10.1016/j.chemosphere.2014.08.062
in the estuarine bivalve Scrobicularia plana: Salinity influences ACheng G, Guo W, Han L, Chen E, Kong L, Wang L, Ai W, Song N, Li H,
NM-300K behavior and toxicity in clam. Environ Toxicol Chem 35: ChenH (2013) Cerium oxide nanoparticles induce cytotoxicity in
2550-2561. https://doi.org/10.1002/etc.3428 human hepatoma SMMC-7721 cells via oxidative stress and the
Bertrand C, Devin S, Mouneyrac C, Giambérini L (2017) Eco-  activation of MAPK signaling pathways. Toxicol in Vitro 27:
physidogical responses to salinity changes across the freshwater- 1082-1088.https://doi.org/10.1016/.tiv.2013.02.005
marine continuum on two euryhaline bivalv€sirbicula fluminea  Ciofani G, Genchi GG, Mazzolai B, Mattoli V (2014) Transcriptional

andScrobicularia planaEcol Indic 74:334342.https://doi.org/10. profile of genes involved in oxidative stress and antioxidant defense
10164.ecolind.2016.11.029 in PC12 cells following treatment with cerium oxide nanopatrticles.
Bigot A, Doyen P, Vasseur P, Rodius F (2009) Metallothionein coding  Biochim Biophys Acta Gen Subj 1840:4%96. https://doi.org/10.
sequace identification ad seasonal mMRNA expression of 1016j.bbagen.2013.10.009
@ Springer

80



Environ Sci Pollut Res

Cossu C, Doyotte A, Jacquin MC, Babut M, Exinger A, Vasseur P (1997)  Meent DVD (2009) Fate and effects of Gaanopatrticles in aquat-
Glutathione reductase, selenium-dependent glutathione peroxidase, ic ecotoxicity tests. Environ Sci Technol 43:458346
glutathione levels, and lipid peroxidation in freshwater bivalvesHussain S, Garantziotis S (2013) Interplay between apoptotic and autoph-
Unio tumidus, as biomarkers of aquatic contamination in field stud-  agy pathways after exposure to cerium dioxide nanoparticles in hu-
ies. Ecotoxicol Environ Saf 38:12P31 man monocytes. Autophagy 9:11D3. https://doi.org/10.4161/
D’'Agata A, Fasulo S, Dallas LJ, Fisher AS, Maisano M, Readman JW,  auto22266

Jha AN (2014) Enhanced toxicity éfulk’ titanium dioxide com-  Keller AA, Wang H, Zhou D, Lenihan HS, Cherr G, Cardinale BJ, Miller

pared toefresh andeaged nano-TiQ in marine musseldVytilus R, Ji Z(2010) Stability and aggregation of metal oxide nanoparticles
galloprovincialig. Nanotoxicology 8:54%58. https://doi.org/10. in natural aqueous matrices. Environ Sci Technol 4410887
310947435390.2013.807446 Kholodkevich SV, Kuznetsova TV, Trusevich VV, Kurakin AS, lvanov

Dale JG, Cox SS, Vance ME, Marr LC, Hochella MF (2017) AV (2009) Peculiarities of valve movement and of cardiac activity of
Transfamation of cerium oxide nanoparticles from a diesel fuel the bivalve mo”usd\ﬂyt”us ga”oprovincia"sat various stress ac-
additive during combustion in a diesel engine. Environ Sci  tjons. J Evol Biochem Physiol 45:5306. https://doi.org/10.1134/
Technol 51:19731980.https://doi.org/10.1021/acs.est.6b03173 S0022093009040100

Das M, Patil S, Bhargava N, Kang J-F, Riedel LM, Seal S, Hickman J{|aper R, Arndt D, Bozich J, Dominguez G (2014) Molecular interac-
(2007) Auto-catalytic ceria nanoparticles offer neuroprotection to * tions of nanomaterials and organisms: defining biomarkers for tox-
adult rat spinal cord neurons. Biomaterials 28:39925. https:// icity and high-throughput screening using traditional and next-
dd.org/10.1016/}.biomaterials.2006.11.036 i generation sequencing approaches. Analyst 1398862 https:/

Devoille L, Revel M, Batana C, Feltin N, Giambérini L, Chatel A, doi.org/10.1039/C3AN01644G
Moungyrac C (2018) Combined influence of oxygenation and saliny e i¢-pivo v, Cossu-Leguille C, Pain-Devin S, Simonin C, Bertrand C,
ity on aggregation kinetics of the silver reference nanomaterial NM- g5 Mouneyrac C, Devin S, Giambérini L (2018) Genotoxicity
300K. Environ Toxicol Chem 37:1948925. https://doi.org/10. and physiological effects of Ce@IPs on a freshwater bivalve

10164.biomaterials.2006.11.036 o ) (Corbicula fluminel Aquat Toxicol 198:144148. https://doi.org/
Doyen P, Vasseur P, Rodius F (2006) Identification, sequencing and ex- 10.10.6/j.aquatox.2018.02.020

pres#on of selenium-dependent glutathione peroxidase transcript iEi J, Schiavo S, Xiangli D, Rametta G, Miglietta ML, Oliviero M

the freshwater bivalvénio tumidusexposed to Aroclor 1254. 'Changven W Manzo S’(2018) Early ecotoxic effects of ZnO nano-
ﬁoms/glc_)che/r?oPlhglsgl)_l, I;art 2CO o'lf'gogg:c())lonharmacol 144:129. particle chronic exposure Mytilus galloprovincialisrevealed by
ttps://dol.org/10. 1.cbpc. R transcription of apoptosis and antioxidant-related genes.

Doyen P, Bigot A, Vasseur P, Rodius F (2008) Molecular cloning and - £c4xicology 27:369384. https://doi.org/10.1007/510646-018-
expression study of pi-class glutathione S-transferase (pi-GST) and 19010

selenlum-depend_ent gluta_thlone peroxidase (Se-GPx)_transcrlptsLllr}] W, Huang Y, Zhou X-D, Ma Y (2006) Toxicity of cerium oxide
the freshwater bivalv®reissena polymorphaComp Biochem

. . . . e nanoparticle in human lung cancer cells. Int J Toxicol 25:451
Physiol, Part C: Toxicol Pharmacol 14789. https://doi.org/10. i
1016§.cbpc.2007.08.002 457 .https://doi.org/10.1080/10915810600959543

Eom H-J, Choi J (2009) Oxidative stress of Ge@noparticles via p38- lealtj;(é’ uss%hmrlggﬁ tr:rr-:—eD (jggtlizaﬁcglésg;ggﬂﬁ\ée zgce}n%:;(}?(;sz'on
Nrf-2 signaling pathway in human bronchial epithelial cell, Beas- Method 925'402408 r?tt -J/doi.ora/10.1006/meth.2001.1262 '
2B. Toxicol Lett 187:7#83. https://doi.org/10.1016/j.toxlet.2009. ethods 2> -Nitps./idor.orgr1o. meth. e
01028 Luo L, Ke C, Guo X, Shi B, Huang M (2014) Metal accumulation and

Ferreira-Rodriguez N, Pardo | (2016) An experimental approach to assess differentially expressed proteins in gill of oyst@rgssostrea

. : " : ; ; hongkongensjexposed to long-term heavy metal-contaminated es-
Corbicula fluminea(Mdller, 1774) resistance to osmotic stress in . ) h
estuarine habitats. Estuar Coast Shelf Sci 176111B)https://doi. _tua_ry. Fish Shellfish Immunol 38:34809. hitps://doi.org/10.1016/
0rg/101016/j.ecss.2016.04.017 119.2014.03.029 -

Garaud M, Trapp J, Devin S, Cossu-Leguille C, Pain-Devin S, Felten \Metian M, Warnau M, Cosson RP, Oberhansli F, Bustamante P (2008)
Giarrberini L (2015) Multibiomarker assessment of cerium dioxide ~ Bioaccumuldon and detoxification processes of Hg in the king
nanoparticle (nCeO ) sublethal effects on two freshwater inverte-  ScallopPecten maximusield and laboratory investigations. Aquat
brates, Dreissena polymorphad Gammarus roeseli. Aquat .TOXICO| 90:204213.http;//dm.org/lO.1016/].aquatox.2008.05_3.014
Toxicol 158:63%4. https://doi.org/10.1016/j.aquatox.2014.11.004 Morimoto Y, Izumi H, Yoshiura Y, Tomonaga T, Oyabu T, Myojo T,

Garaud M, Auffan M, Devin S, Felten V, Pagnout C, Pain-Devin S, Proux ~ Kawa K, Yatera K, Shimada M, Kubo M, Yamamoto K, Kitajima
O, Radius F, Sohm B, Giamberini L (2016) Integrated assessmentof S, Kuroda E, Kawaguchi K, Sasaki T (2015) Pulmonary toxicity of

ceria nanoparticle impacts on the freshwater bivBligissena well-dispersed cerium oxide nanoparticles following intratracheal
polymorpha Nanotoxicology 10:93944. https://doi.org/10.3109/ instillation and inhalation. J Nanopart Res 17:44#s://doi.org/
17435390.2016.1146363 10.1007/s11051-015-3249-1

Gomes T, Pereira CG, Cardoso C, Bebianno MJ (2013) Differential pré¥avarro A, Faria M, Barata C, Pifia B (2011) Transcriptional response of
teinexpression in musseytilus galloprovincialigxposed to nano stressgenes to metal exposure in zebra mussel larvae and adults.
and ionic Ag. Aquat Toxicol 136.37:79-90. https://doi.org/10. Environ Pollut 159:106107.https://doi.org/10.1016/j.envpol.2010.
1016j.aquatox.2013.03.021 09.018

Guan X, Shiw, Zzha S, Rong J, Su W, Liu G (2018) Neurotoxic impact ofNiu J, Azfer A, Rogers L, Wang X, Kolattukudy P (2007)
acuteTiO, nanoparticle exposure on a benthic marine bivalve mol-  Cardbprotective effects of cerium oxide nanoparticles in a transgen-
lusk, Tegillarca granosaAquat Toxicol 200:243246. https://doi. ic murine model of cardiomyopathy. Cardiovasc Res 73589
org/101016/j.aquatox.2018.05.011 OECD (2010) List of manufactured nanomaterials and list of endpoints

Guo R, Pan L, Ji R (2017) A multi-biomarker approach in scallop for phase one of the sponsorship programme for the testing of
Chlamys farreri to assess the impact of contaminants in Qingdao  manufactured nanomaterials: revision. Series on the Safety of

coastal area of China. Ecotoxicol Environ Saf 142:399. Manufactured Nanomaterials No, In, p 27
https://doi.org/10.1016/j.ecoenv.2017.04.043 Park B, Martin P, Harris C, Guest R, Whittingham A, Jenkinson P,
Hoecke KV, Quik JT, Mankiewicz-Boczek J, Schamphelaere KAD, Handley J (2007) Initial in vitro screening approach to investigate
Elsaeser A, der Meeren PV, Barnes C, McKerr G, Howard CV, the potential health and environmental hazards of Enrexa
@ Springer

81



Environ Sci Pollut Res

nanoparticulate cerium oxide diesel fuel additive. Part Fibre Toxicdbingh C, Institute for Health and Consumer Protection (2014) Cerium
4:12.https://doi.org/10.1186/1743-8977-4-12 Dioxide NM-211, NM-212, NM-213, characterisation and test item

Park E-J, Choi J, Park Y-K, Park K (2008) Oxidative stress induced by  preparation JRC repository: NM-series of representative
cerium oxide nanoparticles in cultured BEAS-2B cells. Toxicology manufactured nanomaterials. Publications Office of the European
245:96-100. https://doi.org/10.1016/j.toxlet.2008.06.869 Union, Luxembourg

Philipp EER, Wessels W, Gruber H, Strahl J, Wagner AE, Ernst IMATran D, Fournier E, Durrieu G, Massabuau J-C (2003) Copper detection
Rimbach G, Kraemer L, Schreiber S, Abele D, Rosenstiel P (2012)  in the Asiatic clanCorbicula flumineaoptimum valve closure re-
Gene expression and physiological changes of different populations  sponse. Aquat Toxicol 65:32327. https://doi.org/10.1016/S0166-

of the long-lived bivalveArctica islandicaunder low oxygen con- 445X(03)00156-5
ditions. PLoS One 7:e4462fttps://doi.org/10.1371/journal.pone. volland M, Hampel M, Martos-Sitcha JA, Trombini C, Martinez-
004461 Rodrigiez G, Blasco J (2015) Citrate gold nanoparticle exposure

Pifia B, Casado M, Quirés L (2007) Analysis of gene expression asanew i the marine bivalvuditapes philippinarumuptake, elimination
tool in ecotoxicology and environmental monitoring. TrAC Trends  and oxidative stress response. Environ Sci Pollut Res Int 22:27414

Anal Chem 26:11451154. https://doi.org/10.1016/j.trac.2007.09. 17424 https://doi.org/10.1007/s11356-015-4718-x
009 _ _ o Volland M, Hampel M, Katsumiti A, Yeste MP, Gatica JM, Cajaraville M,

R Core Team (2014) R: A language and environment for statistical com-  gjasp J (2018) Synthesis methods influence characteristics, behav-
puting. RFoundation for Statistical Computing, Vienna, Austria  jour and toxicity of bare CuO NPs compared to bulk CuO and ionic
URL http://www.R-project.org/ cu after in vitro exposure dRuditapes philippinarurhemocytes.

Renault S, Baudrimont M, Mesmer-Dudons N, Gonzalez P, Mornet S, Aquat Toxicol 199:285295

BrissonA (2008) Impacts of gold nanoparticle exposure on tWwoyy,nq v Nowack B (2018a) Dynamic probabilistic material flow analysis
freshwater species: a phytoplanktonic al§xdnedesmus of nano-SiQ, nano iron oxides, nano-CeMano-AbOs, and quan-

subspicatusand a benthic bivalveQorbicula flumineq Gold tum dots i E : Environ Pollut 235680
Bull AL:116.126, hitps/idol org/10.1007/BF03216589 e e o

Ringwood AH, McCarthy M, Bates TC, Carroll DL (2010) The effects of
silver nanopatrticles on oyster embryos. Mar Environ Res 69:S49
S51.https://doi.org/10.1016/j.marenvres.2009.10.011

Rocha TL, Gomes T, Sousa VS, Mestre NC, Bebianno MJ (2015)
Ecotoxicological impacof engineered nanomaterials in bivalve
molluscs: An overview. Mar Environ Res 111:88. https://doi.
org/101016/j.marenvres.2015.06.013

Wang Y, Nowack B (2018b) Environmental risk assessment of
engireered nano-Si§) nano iron oxides, nano-Cgano-AbOs,

and quantum dots: environmental risk assessment of engineered
nanomaterials. Environ Toxicol Chem 37:138395. https://doi.
0rg/101002/etc.4080

Wiesner MR, Bottero J-Y (2016) Environmental nanotechnology: appli-
Ruiz P, Katsumiti A, Nieto JA, Bori J, Jimeno-Romero A, Reip P, catons and impacts of nanomaterials, 2nd edn. McGraw Hill, New

Arosegui |, Orbea A, Cajaraville MP (2015) Short-term effects on_ Yok p 14172 _ _
antioxidant enzymes and long-term genotoxic and carcinogenic péhang H, He X, Zhang Z, Zhang P, Li Y, Ma Y, Kuang Y, Zhao Y, Chai Z

tential of CuO nanoparticles compared to bulk CuO and ionic cop- ~ (2011) Nano-Ce@exhibits adverse effects at environmental rele-
per in musselMytilus galloprovincialisMar Environ Res 111:167 vant concentrations. Environ Sci Technol 45:382530.https://doi.
120.https://doi.org/10.1016/j.marenvres.2015.07.018 0rg/101021/es103309n

ShiW, HanY, Guo C, Zhao X, Liu S, SuW, Zha S, Wang Y, Liu G (2017)
Immurotoxicity of nanoparticle nTi®to a commercial marine bi-
valve specieslegillarca granosaFish Shellfish Immunol 66:360

_ 306.https://doi.org/10.1016.fsi.2017.05.036 Publisheis note Springer Nature remains neutral with regard to

Singh S (2016) Cerium oxide based nanozymes: redox phenomenongfsdictional claims in published maps and institutional affiliations.
biointerfaces. Biointerphases 11:04B2b&ps://doi.org/10.1116/1.
496635

@ Springer

82



Syoplementary data

Corbicula flumineagene expression modulated by Ce@anomaterials and

salinity

Vanessa Koehlé-Di¥’o Sandrine Pain-DeVinCarole Bertrant?, Simon Devih Catherine

Mouneyra@, Laure Giambérihiand Bénédicte Sohin
1Université de Lorraine, CNRS, LIEC, F-57000 Metz, France

2hv]A E-]8 S§Z}o]«p o[Kp U > }E& S§}J]E D U D}o po e«
Plce André Leroy, F-49000 Angers Cedex 01, France

83



Tale S1: Primer sequences used. Cited references: Navarro A, Faria M, Barata C, Pifia B. 2011. Transcriptional response of stress genes to met
exposure in zebra mussel larvae and adults. Environ Pollut. 159, 100-7. ; Arini A, Daffe G, Gonzalez P, Feurtet-Mazel A, Baudrimont M. 2014.
Detoxification and recovery capacities of Corbicula fluminea after an industrial metal contamination (Cd and Zn): a one-year depuration

experiment. Environ Pollut. 192, B2.; Chen H, Zha J, Liang X, Bu J, Wang M, Wang Z. 2013. Sequencing and de novo assembly of the Asian
clam (Corbicula fluminea) transcriptome using the lllumina GAllx method. PLoS One. 2013 8:e79516. ; Chen H, Zha J, Yuan L, Wang Z. 2015. Effe
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Table S2: Pairwise comparison (Hotelling T2 test) made on PLS-DA performed with whole data
collected in organisms exposed 28 days to each contamination conditions in two organs (gills
and digestive gland). Bold letters represent significant differences between groups. Non-
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Talde S3: Relative gene expression (expressed in log 2) of 8 genes (Beta-actin, catalase, MRP1, MT, PGP, GST-Pi, GABARAP & CuZnSOD)
MRNA extraction from gills @&. flumineaexposed in mesocosm during 7 and 14 days. Control 1.5 psu was chosen as reference for relative
expression. Groups that do not share the same letter are significantly different. NS stands for no significant differences.
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Talde S4: Relative gene expression (expressed in log 2) of 8 genes (Beta-actin, catalase, MRP1, MT, PGP, GST-Pi, GABARAP & CuZnSOD)
MRNA extraction from gills @. flumineaexposed in mesocosm during 21 and 28 days. Control 1.5 psu was chosen as reference for relative
expression. Groups that do not share the same letter are significantly different. NS stands for no significant differences.
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NM-212 0.11 <0.05 <0.05
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NM-212 0.17 0.06 0.31
1.5 psu 15 psu
Day 14
y Control (QYLU C(chnsuftjcl Control (QYLU C(chn\?ul_StLGJ}(il
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1.5 psu 15 psu
Day 21
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NM-212 <0.05 0.11 <0.05
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NM-212 0.22 0.21 0.22

Table S5 Pairwise comparisons (Hotelling T2 test) made on[PABerformed at 7, 14, 21 and
28 days of exposure to each contamination. Data were treated time per time and salinity was
treated separately for each time step. Bold letters represent significant differences between

groups.
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Chaptre IV :

Evaluation du devenir et des effets des CuO NM
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Z %]SE 3 }ve E o[ Su H A V]E 8§ ¢ (( 8« < v Vv}u
cuivre (CuO NM) chez des bivalves endobenthiques vivant dans les eaux dautanifea)
ou en eau de melS. plana). Il est présenté en deux parties correspondant a deux publications

scientifiques.

§ v38 }vv o[pu3]o]e 3]}v u <<]A « pK EDU vijssausage®xteme -« %o E
S 0 <d O * % ¢S] ] » PE] }o e S50 ¢ % JVSUE *U o0 puE E i § v
Bien que le cuivre soit un élément essentielo *p E A] e JEP v]eu U [ 8 pee]
qui peut étre relativement toxique. La forme nanoparticulaire peut mener a des effets
differents de la forme dissoutd <p[]o ¢S Ju% }ES vS§ S Eul]v E % }pE
évaluation du risque convenable. Le rejet et les transformations des CuO NM sont alors a

Su ] E %ope u%o u edaaudgalgmiatimpacter les organismes non-ciblés

% E 0 ¢ (}JEUPO S]}ve S usSSE v VP & o[ }*CeS u X

Dans la premiére partie de ce chapitre, les effets de différentes concentrations de CuO NM (O,
20 et 100 pg/L)}vs S S Eu]v - 3 GEtidh @E €. HimiEsa n microcosmes
pendant 96 heures. Etant donné que les parametres physico-chimiques des NM sont

]E S uvs & o] - 0O UPE Ju%}ES u v3U o[ A op 3]}v e (( S-

propriétés physico-chimiques distinctes est indispens o[ A op §]}v 0 HE E]Je<p
pourquoi, o[ S| %0 } & NM e @ifférentes tailles (12 et 30 nm). De plus, les travaux
précédente }v3 u]e A] v o e+ ve] ]Jo]S8 e }us]oe u}lo po JE « S o]

multi-biomarqueurs au A 1 oopo JE 3 u}o po ]E % }pdEHeofsA op 3]}
substanceX [ *3 %o }uE<u}] ¢ J(( E v8 « & Zv]cp o }vE 3§ vIpA
JU% 0 & ¢ % E o[ i}ud [HV %% E} Z %ZCe]}o}P]<p A] o0 u <
organismes. Des approches statistiques multivariées ont été utilisées pour le traitement des
}vv e u}o po JE ¢ § oopo JE ¢ (]v usSE v Al v o e« (
contamination.>[ ES] 0 % & <+ VS est actdellentant @&rhis a Environnmental

Pollution.

Dans la seconde partie de ce chapiteedevenir et les effets des CuO NM ont été déterminés
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différentes. Le devenir et les effets des NM sont également importants a évaluer a difféerentes
étapes de leur cycle de vie puisque leur incorporation dans les produits modifie leurs
Jvd & §]}ve A o[ VAJE}vv u v3X + u} 1(] 3]}ve % HA vE o0}
]1(( & vSe o HE (}E&u [JE]P]v <u[]lo S Ju% &E S5]( S Eu]
risque complete. Dans cette étude, les CuO NM ont été étudiés sous leur forme libre (CuO-
NOAA) et suite a leur incorporation dans une peinture acrylique les contenant (CuO_Acryl_FP).
>[ A op 8]}v ¢ E %}ve e ¢ }JEP v]eu ¢ VIV A%} + ~ }VSEE€o0 -
impacs ¢ o[ £%o}*]S]}v S v Je <pu of i}pusS [puv  }v ]8]}v }u%eE v VS
NM (Acryl_FP) a permis de déterminer la part des effets propres aux NM. Le protocole
expérimental consistain une exposition en mésocosmeis des pulses de contamination a
raison de 4.2 ug CuDet 125 ug Cu@ %0 E %op0e %o}uUE O A% }]S]}v v n }
marine respectivement. Les effets de ces différentes contaminations ont été déterminés sur
%Oope] HEe* VIA p&E [}EP v]e §]}v ]}o}pdnses anivedu idividudl]} v E
et cellulaire chez les deux espéces. Une approche moléculaire a été également conduite sur
C. flumineaX >[ ES] 0 % & °* VvS§ Ve §§ % ES] -+ & P ouvs %

%ol 0] S]}ve o] vVS](]J<pn M }ISE- o[ vv 11ii
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Patie 1:

A multilevel approach for an integrative assessment of CuO NP
effects onCorbicula fluminea
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Abstract

Copper oxide nanoparticles (CuO NPs) are widely used for their biocide action and are then
released in the aquatic compartment where they will likely reach the sediment. Therefore,
their impact in intra-sedimentary organisms such as the freshwater endobenthic bivalve
Corbicula flumineaeeds to be assessed. In bivalves, adverse effects of CuO NP have been
reported mainly via biochemical and physiological traits. Molecular studies are still in progress
but appear to be very sensitive in early effect evaluation. Thus, monitoring NP effects at
different biological scales may provide valuable and integrated information for risk
assessment. This study aimed to assess CuO NP effects at molecular, biochemical and
physiological scales after the exposurgofflumineao two CuO NPs of different size (12 nm

and 30 nm) at three concentrations (0, 20 and 100 pg/L) for 96 hours. The expression of
antioxidant (CuzZnSOD, MnSOD, Cat, Se-GPx, Trxr) and antitoxic (GST-Pi, HSP70, MT, Pgp,
MRP1) related genes was measured at the mRNA level while antioxidant (SOD, TAC) and
antitoxic (GST, ACP) defenses, energetic reserves and metabolism (ETS, Tri, LDH), and cellular
damages (LPO) were assessed at the biochemical scale at 0, 24 and 96 hours. The molecular
and biochemical data were treated by multivariate analyses. The filtration rate was also
evaluated at 96 hours in order to provide information on the physiological scale. Gene
expression and filtration rate were responsive to CuO NPs contamination but differed
according to the NP treatment. The results suggest that defense mechanisms may have been
set up following 30nm-NP exposure. The response to 12nm-NP was lower but still showed that
exposure to 12nm-NP led to activation of the cellular elimination mechanism. The lowering of
the filtration rate may have protected the organisms from the contamination but this decrease
should lead to further repercussions on organism biology. These results showed (i) that CuO
NP may exert effects at different levels even after a short-term exposure and (ii) pointed out

the precocity of molecular response.

Keywords: Copper oxide nanoparticles (CuO NP), bivalve, gene expression, biochemical

effects, filtration
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1. Introduction

Technological advances allow synthesis and incorporation of nanoparticles (NPs) in numerous
daily commercial products. Their tiny size considerably enhances their specific surface area
and confers new properties (surface reactivity, optic, catalytic, etc). Metal and metal oxide
NPs are among the most manufactured NPs employed in a wide range of applications (Vance
et al., 2015). Among them, copper oxide nanoparticles (CuO NPs) are used in various
applications such as antimicrobial agents, agricultural biocides, catalysts or gas sensors (Hou
et al, 2017, Chibber and Shanker, 2017, Keller et al., 2017). Their increasing use leads
inevitably to their release in the aquatic environment while their quantification and
characterization in such complex matrices are not yet fully developed. Although the predictive
environmental concentration (PEC) values for CuO NPs are currently estimated to be less than
few pg/L (Keller and Lazareva, 2014), their production continues to increase from 580 tons
produced in 2014ersus1600 tons estimated for 2025 (Hou et al., 2017).

In the framework of nanotoxicology, the assessment of NP toxicity according to their physico-
chemical properties remains a work in progress. Moreover, their biocide abilities raise the
guestion of their (eco)toxicity towards non-target organisms (Keller et al., 2017). In aquatic
environments, Cu NPs would be accumulated in the sediments of freshwater and marine
environments (Keller et al., 2017). Benthic species should be of particular concern because of
their close contact with contaminants and their burrowing activities leading to a potential
remobilization of contaminants (Roberts, 2012). The widespread endobenthic freshwater
bivalveCorbicula flumineas a good model for such assessments due to its ability to be both
filter- and pelagic-feeder, but also due to its ability to strongly bioaccumulate a large amount
of contaminants, such as metals (Inza et al., 1997; Shoults-Wilson et al., 2010; Marescaux et
al., 2016; Hakenkamp et al., 2001). As estimated by Garner et al. (2017) for freshwater
ecosystems, CuO NPs may accumulate in the aquatic environment over the long term in
sufficient concentration to cause potential toxicity. To the best of our knowledge, there is only
one publication assessing CuO NP (20-30 nm, uncoated) effects on a freshwater bivalve. This
study was conducted on the endobenthic spede®donta cygnea&xposed to 0.25, 2.5 and

25 pg Cu/L over 12 days and showed histopathological alterations, significant bioaccumulation
in the gills, and deleterious impacts in the filtration rate (Moézzi et al., 2018). However, in
freshwater bivalves the assessment of CuO NP effects in the lowest levels of biological

organization are still lacking, such as in molecular and biochemical responses.
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The main toxic mechanism reported in nanotoxicology studies is the generation of reactive
oxygen species (ROS) that can induce oxidative stress, resulting in further cyto- and geno-
toxicity (Klaper et al., 2014, Vale et al., 2016). A first line against reactive oxygen species (ROS)
damages is the antioxidant defense pathway (Flora, 2009, Mustacich and Powis, 2000), that
was affected by CuO NP in various aquatic organisms such as algae (Melegari et al., 2013), fish
(Villarreal et al., 2014), anemones (Siddiqui et al., 2015) and marine bivalves (Mouneyrac et
al., 2014; Kastsumiti et al., 2018). In bivalves, the antioxidant defense activities (superoxide
dismutase (SOD), catalase (CAT), glutathione peroxidase (GPx)) were increased after CuO NP
exposure in the marine specidytilus galloprovincialli&nd Scrobicularia planaxposed to

10 pg Cu/L for 3 to 21 days along with involvement of detoxification mechanisms
(metallothionein (MT), glutathione-S-transferase (GST)) (Buffet et al., 2011, 2013; Gomes et
al., 2011, 2012; Ruiz et al., 2015). These defenses were not sufficient to prevent damage since
lipid peroxidation (Gomes et al., 2011; 2012), apoptosis (Buffet et al., 2013) and genotoxicity
(Buffet et al., 2013; Gomes et al., 2013; Ruiz et al., 2015) were observed.

There is currently a need to investigate chemical effects at different biological levels as
mentioned by the Organization for Economic Co-operation and Development (OECD) for the
development of an Adverse Outcome Pathway (AOP) approach (OECD, 2018). This approach
aims to provide information of causally linked events at different biological levels of
organization following the exposure to a chemical and leading to an adverse health effect,
which should help for regulatory purposes. In the literature, studies relying on the impact of
NP across different pathways and biological levels are underrepresented so far. In this context,
the use of tomic tools such as the measurement of gene expressions, protein or metabolite
activities should then be particularly informative by allowing the simultaneous monitoring of

a high number of responses (Snape et al., 2004; Mussali-Galante et al., 2013). In addition, the
expected precocity of answers at such levels can provide an early warning signal of
contamination effect that should have further repercussions on the organism physiology, and
allow unraveling of the pathways of toxicity mechanisms (Bigot et al., 2011; Chen et al., 2015).
The extrapolation of effects to higher biological levels is not easy to demonstrate and needs
to be also thoroughly investigated. Targeting responses implicated in various pathways and
levels will provide a global and integrative vision of effects allowing a more robust evaluation

of the toxic potential of a contaminant (Mussali-Galante et al., 2013).
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The interactions of a contaminant with the different cellular components implicated from the
cellular entry to organism response has to be taken into account. Indeed, the cellular uptake
of metallic NP will occur via active transport (endocytosis) or passive diffusion through the cell
membrane (Beddoes et al., 2015). P-glycoprotein (PGP) and multidrug resistance-associated
protein 1 (MRP1), as part of the multi-xenobiotic-resistance (MXR) system, can act as
detoxifier due to their role of multidrug transporter (Achard et al., 2004). If they manage to
enter the cell, NPs can interact with cell targets, the first of them being proteins. In order to
maintain the integrity of proteins, members of the Heat Shock Protein family may be solicited
(Fabbri et al., 2008). As already mentioned, the induction of oxidative stress is expected in the
presence of NP. Cells are armed with a battery of enzymes able to protect them against
harmful effects of ROS. The most studied are superoxide dismutase (SOD) that allows the
dismutation of @ to HO,, Catalase (Cat) that reducesQd to water and oxygen, and
glutathione peroxidase (GPx) that reducesOH or other hydroperoxides (Flora, 2009).
Glutathione-S-transferase (GST) is also studied because of its contributions to antioxidant, and
more generally, antitoxic mechanisms (Doyen et al., 2008). The contribution of Thioredoxin
reductase (Trxr) which is mainly involved in antioxidant pathways, and its contribution in DNA
synthesis, gene transcription, cell growth and apoptosis inhibition was also described
(Mustacich & Powis, 2000). One major consequence of the ROS overproduction is the damage
to membranes by peroxidation of their lipid components (Alves de Almeida et al., 2007). In
the presence of metallic toxicants, the cell may trigger the synthesis of metallothioneins (MT).
Finally, implementing such a battery of defenses against toxic effects may present an energy
cost for cells. The assessment of parameters involved in the metabolic management in the
cells (e.qg. triglyceride content, electron transport system (ETS) activity, lactate dehydrogenase
(LDH) activity) can give insights in the physiological status of the organisms and inform about
the favored metabolic pathways. In addition to identifying the major pathways of response of
the cells, it is relevant to address these pathways by different approaches from gene
expression to enzymatic activities or metabolite synthesis and even to the physiological
process such as, for example, the measurement of the filtration rate that may provide

information about the exposure to the contaminant.

The aim of this work was to provide a multiparameter and multiscale assessment (molecular,
biochemical and physiological) of CuO NP effectsConfluminea exposed to different

concentrations (0, 20 and 100 pg CuO/L) in a short-term period (96 hours). Considering the
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importance of NP size on their stability, solubility and surface reactivity (Peng et al., 2017,
Baker et al., 2014), we expected to observe different effects between the two CuO NP
particles. A battery of gene expressions and biochemical markers involved in the previously
described pathways was monitored and a filtration test was performed at the end of the

exposure period. Since our aim is to depict a global modification of biological parameters
associated to NP exposure, these parameters will not be analyzed individually. Instead we
developed an integrated interpretation of obtained results thanks to multivariate statistical

tools.

2. Materials and methods
2.1. Tested Nanoparticles

Two CuO NPs were selected in this study. The first one was provided as CuO NP powder with

a particle size of 10-100 nm specified by the manufacturer (Intrinsig Materials Limited). These

NPs were previously characterized by Buffet et al. (2011). Briefly, nanoparticles were
uncapped and polyhedral with a size determined by transmission electron microscopy (TEM)

of 29.5 nm in average while their hydrodynamic size in deionized water (DIW) determined by
dynamic light scattering (DLS) ranged from 40 to 500 nm (194 nm average). Their specific
surface area (SSA) was 25.3 m2.@he zeta-potential was +26.3 mV, indicative of relative

stability in DIW. The suspension appeared stable for approximatively 1 month. A stock
suspension of 25 mgliwas prepared in DIW according to Buffet et al. (2012) protocol, stored

at room temperature and used during the whole experiment. The stock suspension was
sonicated for 5 mins (Sonorex super RK 51®j te (}&E Z ue v A e -00 Aliiv
EW_ Jv §Z]e «Sp CX

dZ <« }v § 8§ HK EWeU-EWo U AT@EU %o %o0] C Wo eu Z
(Germany) and suspended by the CEREGE laboratory in Milli-Q water at 518 mg CyO/L. The
were previously characterized by Ortelli et al. (2017). The particles were uncoated and semi-
spherical with a size reported of 12 + 8 nm measured by TEM. Their hydrodynamic size in DIW
was 140.5 nm (DLS) and their SAA was 47 + 1.7 ihhg zeta potential in ultrapure water

was +28.1 = 0.6 mV, indicating a relative stability in such media. This stock suspension was

homogenized by magnetic stirring for a few minutes before injections (Ortelli et al., 2017).
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2.2. Cdlection and acclimatization of organisms
Freshwater Asian clan. fluminea3.1 £ 0.3 cm) were hand-collected in June 2016 in in the
Moselle River, La Maxe (49°09'42.9"N 6°11'55.0"E, France) at a water temperature of 21°C.
The physico-chemical characteristics of the site water were previously measured (NH4: 0.03
mg N/L; NO2: < 0.05 mg N/L; NO3: 1.69 mg N/L; PO4: 0.01 mg P/L; P tot: 0.10 mg P/L; Cl-: 214
mg/L; SO4: 52 mg/L; TAC: 2.3 meq; MEST: 15.4 mg/L; MVS: 37.2%; Ca2+: 117 mg/L; Mg2+: 9.3
mg/L; Na+: 61.4 mg/L; K+: 4.2 mg/L; DCO: 52 mg/L; DBO5: 4 mg/L; Tot A: 9.54 meqg/L; Tot C:
9.4 meg/L; Bal.: -0.7%; pH: 8.0; Cond: 1040 puS/cm; dissolve Cu: 1 pg/L; Cu tot.: 1.7 pg/L). After
sampling, the clams were transported to the laboratory in their water of origin in plastic
coolers. They were acclimated progressively to the experimental conditions in a temperate
room (15 °C) for 3 days by gradually increasing the proportion of artificial water that will be
used for the experiment. The artificial water was prepared using commercial salt
(TropicMarin®) at 1.5 psu. The media was continuously aerated and a natural photoperiod was
kept (16h light: 8h dark). One day before the experiment, two organisms per beaker were

placed in 200 mL of water in order to acclimate them to the device.

2.3. Experimental design

C. flumineawere exposed to 0 (controls), 20 and 100 pug CuO/L of each NP (30nm-NP and
12nm-NP) for 96 hours at 15°C in artificial wate€(Xluminea100 mL). The consideration of

the SSA of each NP lead to 0.000506 m?/L and 0.00253 m?/L for 30nm-NP and 0.00094 m?/L
and 0.0047 m?/L for 12nm-NP at 20 pg/L and 100 pg CuOJ/L respectively. The water was
renewed every day. No oxygenation and no feeding were performed in order to avoid any
interference with NP. The natural photoperiod (16h light: 8h dark) was kept during the entire
duration of the experiment. Clams were sampled after 24 and 96 hours of exposure for
biochemical and molecular analyses. After 96 hours, a filtration test was also conducted. The
total copper concentrations were measured in the water column and in the organisms

(digestive gland and remaining tissues).

2.4. Measurements of water and tissue copper concentrations
As the media was changed daily, the water was sampled for total Cu measurement
immediately after NP introduction and after 24 hours (just before the next renewal) in 3

beakers selected randomly. This procedure was applied three times: at the start of the



exposue and at the renewal at 24 and 72 hours of exposure. Five clams per treatment were
dissected after 24 hours of depuration at each time step (0, 24, 96 hours) for Cu measurement.
Then, the digestive gland and the remaining soft tissues were selected, freeze-dried, weighed
and digested in 69% HN®@or 24 hours at 60°C. Concentrations were determined by flame
(Perkin-ELMER Aanalyst 100) or by graphite furnace (VARIAN Spectraa 800 with ZEEMAN
correction) atomic absorption spectrophotometry depending on metal concentration.
Certified water (SRM 3114) was used to check the accuracy of the quantification (20.2 + 1.7
ug Cu/L for 20 + 1 pg Cu/L). Metal concentration in clams are expressed asipgweight

(DW) tissue and pgifor water media.

2.5. Measurements of gene expression
2.5.1. Preparation of RNA extraction

C. fluminealigestive glands of 6 individuals per treatment were excised, rinsed in PBS 1%, and
transferred into 1 mL of RNA later kept in 4°C during a maximal duration of 1 month. After a
manual removal of non-digestive tissue, digestive glands were stored in -80°C until
subsequent analysis.

The total RNA was extracted from the digestive gland using an RNeasy mini kit (Quiagen)
according to the manufacturer protocol. Genomic DNA was digested after extraction with
DNAse | (Sigma Aldrich) and total RNA was purified with RNeasy mini kit. RNA purity and
guantity were assessed by optical density measurements (OD 260 nm and OD ratio 260/280
and 260/230). RNA integrity was assessed by capillary electrophoresis using Bioanalyseur 2100
(Agilent, CA, USA).

2.5.2. RT-gPCR analysis

RTqPCR was then performed on 12 genes and the sequences used in this study are listed in
Supporting data Table S1. Primers were designed using Primer3Plus. The cDNA was
synthetized in a final volume of 20 uL using 1 pug of RNA, 2.5 uM of random hexamer primers

and SuperScript® 1l reverse transcriptase acte®? S} SZ u vu( SHE E[e ]Jvesa
(Invitrogen). The gPCR reaction was performed as in Koehlé-Divo et al. (2019). Briefly, 45 ng

of cDNA, water (no template control) or total RNA (45 ng/reaction; no RT control) were used

as a template, from 200 to 300 nM of primers (see table S1) and Fast SYBR® green master mix

(Applied Biosystem®, CA, USA ) in a reaction mixture with a final volume of 20 pL. The cycling
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conditions were 20 s at 95°C, followed by 40 cycles of 3 s at 95°C and 30 s at 60°C. The melting
curve was used to check the specificity of the amplicons and their sizes were verified on
agarose gel. All PCR amplifications were performed on each biological replicate using the
StepOnePlus RT-PCR system (Applied Biosystems®). Gene expression levels were analyzed
He]vP 8Z & o 3]A «<«p v3](] 8]}v u 8Z} ~PP &« ~>]A | v "~ Zu]S8S§F
e 0 S e %}3 v3] o V}IEuU o0]l]vP ®]weld ~pE-aptio Bastrevealed

su((] ] vS ¢S ]Jo]SC v }pE A-%4efin wa@s thehvussd as-Xreference for
normalization. The control condition (0 pg/L) was chosen as the reference condition. The final
treated/control ratio and the pooled standard deviation were calculated based on the mean

RCt of the biological replicates. Statistical analyses were performed separately for each

exposure duration (24 & 96 hours) as described below (82.8).

2.6. Biochemical biomarker analysis

After removal of the shell, th€. fluminea digestive gland was excised, kept in ice and stored

at 80°C until analysis. Digestive glands of six clams per treatment were treated as described in
Sroda and Cossu-Leguille (2011) for cellular biomarker measurements. The digestive glands
were defrosted, weighed and crushed in a 50 mM phosphate buffer at pH 7.6 and at 4°C and
supplemented with 1 mM phenylmethylsulfonyl fluoride (PMSF) and 1 mM L-serine borate
mixture as protease inhibitor at a 8/1 volume/weight ratio. The mixture was then centrifuged

at 25(«g at 4°C during 5 min and supernatant was divided in two parts: one for the assay of
total protein, LPO, ACP and ETS activities, while the other part was centrifuged during 20 min
at 1,00xg at 4°C and 50 min at 20,00 The final supernatant corresponded to the cytosolic

fraction that was used for enzyme activity.

Biomarker analysis was then performed on the automated spectrophotometer analyser
(Konelab 20 XTi, Thermo Scientific) by using protocols described in Bertrand et al. (2016).
Briefly, total protein content ([prot]), triglyceride content (Trigly), lipid peroxidation (LPO)),
acid phosphatase (ACP) and electron transport system (ETS) mitochondrial activities were
measured using the whole homogenate whereas total protein content ([prot]), total
antioxidant capacity (TAC), glutathione-S-transferase (GST), lactate deshydrogenase (LDH) and
superoxide dismutase (SOD) activities were measured in cytosolic fractions. The SOD activity

was assessed using the WST-1 method (Ukeda et al., 1997) ada@efluminea Statistical
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analyses were performed separately for each exposure duration (24 & 96 hours) as described
below (82.8).

2.7. Filtration rate measurements

Five clams per treatment were placed separately in 50 mL of neutral red solution of 5 mg.L
in the dark at 15 °C at the end of the exposure. Clams were placed in the middle of each beaker
and were allowed to filter for 2 hours. Then, clams were picked up and placed in clean artificial
water to let them depurate for 24 hours. The beakers containing the neutral red solution were
acidified to pH 5.0 with HCI 37% immediately after removal of the organisms and agitated for
homogenization. Then, 1 mL was sampled twice in each beaker and the absorbance was read
at 530 nm. The neutral red concentration in each beaker was then calculated using the
standard neutral red curve. Filtration rate (f) was calculated according to Coughlan (1969): f =
(V/(n x t)) x log (§Ct) with V corresponding to the total volume of neutral red solution (100
mL), n the number of individuals, t the time (h), &d € the initial and final neutral red

concentrations in the beakers respectively.

2.8. Statistical analysis

Statistical analyses were conducted using R (R Core Team, 2014). The homoscedasticity and
the normality were checked by Levene and Shapiro tests respectively for the filtration rate
and the bioaccumulation results. As the conditions of use were confirmed, these data were
analyzed using a one-way anova test in order to compare both NPs separately from their
respective controls for the filtration rate results. A Student T test was performed on filtration
rate for the comparison of both control groups. Significant results were defined with a
threshold of p < 0.05. A two-way anova was performed on the bioaccumulation dataset in
order to compare each condition over time.

The gene expression dataset as well as the biochemical markers were analyzed using
multivariate analyses. First, a manova (multivariate ANOVA) was performed to assess if
significant differences could be depicted according to the tested factors. These results helped
us to design each Partial Least Square Discriminant Analyses (PLS-DA) highlighting the actors
of those differences. Only the variablé®(gene expressions or biochemical biomarkers) with

a Variable Importance in Projection (VIP) score above 0.8 were considered. Finally, Hotelling

10t



T2 tests were performed on PLS-DA results to more thoroughly explore the differences

between the exposure conditions.

3. Results
3.1 Water and tissue Cu concentrations

Measurements of total Cu in the water are reported in fig. 1 and are expressed as percentage
of recovery compared to the nominal introduced concentrations. Cu concentrations in water
immediately after the introduction of NPs were close to the intended concentrations for both

20 pg CuOl/L treatments with 98 £ 10 % and 92 + 8 % recovery for 30nm-NP and 12nm-NP
respectively. High recoveries were also measured for both 100 pg CuO/L treatments with
30nm-NP and 12nm-NP presenting 82 + 4 % and 84 + 8 % recovery respectively. Cu
concentrations were also measured before each renewal (after 24 hours) and showed a
decrease of 75 = 1 % in all NP treatments (20 & 100 pg/L) after 24 hours in the test media.
Except for some slight variations, measurements of total Cu concentrations @ flieminea
digestive gland (fig. 2) showed no significant accumulation of copper during the whole
experiment duration. Additional measurements of Cu were performed on the remaining soft

tissues (data not shown) but no significant accumulation was measured either.
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Figure 1: Percentages of Cu recovery compared to nominal Cu concentrations injected in the
water column for each CuO NP treatment. These measurements are the mean + SD (n=3) of
the initial concentrations (HO) and concentrations after 24 hours (H24) for each NP treatment,
obtained from samples collected at the start and after 24 and 72 hours of experiment (See
2.4).
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MT and GST-pi in 30nm-NP exposed organisms compared to those exposed to 12nm-NP. The
horizontal axis described by MRP1, PGP and Trxr expressions did not allow a clear separation
between groups, but 12nm-NP exposed organisms tended to display an expression slightly
more pronounced for these genes than 30nm-NP exposed ones did. This is in agreement with
the results observed at 24 hours when MRP1 and PGP displayed more transcripts especially in
organisms exposed to the lower concentration.

MT
GSTpi

PGP
MRP1

CAT
GSTpi
Trxr
CuznSOD
MnSOD MRP1
Se-GPX PGP
Trxr

24 hours 96 hours

30nmNP— Q g/l =—— 20 pg/L  wmm 100 pg/L 30nmNP— Qpug/L =—— 20 ug/L  wemm 100 pg/L
12nmNP-..... Opg/L == 20pg/L  wemw 100 pg/L 12nmNP - Opg/l == 20ug/L  wemw 100 pg/L
Pairwise 30nm-NP 12nm-NP Pairwise 30nm-NP 12nm-NP
comparisons [0 pg/L 20 pg/L 100 pg/l. O pg/L 20 pg/L 100 comparisons |Opg/L 20 pg/L 100 pg/L O pg/L 20 pg/L 100 yi
30nm-NP O pg/L 30nm-NP 0 pg/L
20pg/ll | NS 20pg/L | NS
100 ug/L|<0.05 NS 100 pg/L| NS NS
12nm-NP 0 pg/L NS nt nt 12nm-NP O pg/L NS nt nt
20 pg/L nt NS nt <0.05 20 pg/L nt NS nt NS
100 pg/L| nt nt NS NS <0.05 100 pg/L| nt nt <0.05| NS NS

Figure 3:PLS-DA analyses using gene expressions monitor&l ftumineadigestive gland

after 24 hours (left side) and 96 hours (right side) of exposure to different CuO NP (30nm-NP
& 12nm-NP) at different concentrations (0, 20 and 100 pg CuO/L). The factorial plane
represents expression differences between organisms while the correlation circle shows
important variables in the projection having VIP > 0.8. The table associated with each PLS-DA
shows the pairwise comparisons results. Bold values correspond to significant differences,
316" DURVRERXLILFDQW Y D @ohHesteD Q@ par3ods. Qudrititative PCR data
ZHUH QRUPDOLlatt geNd. QJ WKH

3.3. Biochemical markers

The PLS-DA analyses using biochemical biomarkers measu€edluminea digestive gland

after exposure to the two CuO NPs (30nm-NP & 12nm-NP) are presented in fig. 4. The Manova
analysis performed on the 24 hour biochemical marker dataset did not indicate any significant

effect of NP concentration (F = 024k 4t p = 0.65), NP type (F= L3b 4 p= 0.11) or
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